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FOREWORD 

The   work   desc r ibed   he re in  was p e r f o r m e d   u n d e r   t h e   s p o n s o r s h i p   o f   t h e  
N a t i o n a l   A e r o n a u t i c s   a n d   S p a c e   A d m i n i s t r a t i o n   u n d e r   c o n t r a c t  NAS 3-2543. 
The   purpose  w a s  t o  d e t e r m i n e   t h e   f e a s i b i l i t y   o f   a p p l y i n g   e l e c t r o m a g n e t i c  
pumps t o   l a r g e  e lec t r ic  p o w e r   p l a n t s  t o  b e   u s e d   a b o a r d   s p a c e c r a f t .   S u i t a b l e  
pump c o n f i g u r a t i o n s  were s e l e c t e d ,   d e s i g n   p a r a m e t e r s  were e s t a b l i s h e d ,   a n d  
optimum d e s i g n s  were recommended f o r   t h e   s p e c i f i e d   a p p l i c a t i o n s .  

T h i s   f i n a l   r e p o r t   c o v e r s   t h e   i n i t i a l   p h a s e   o f   t h e   E l e c t r o m a g n e t i c  
A lka l i   Me ta l   Resea rch   P rogram,   ex tend ing   f rom  June   27 ,   1963   t h rough   Augus t  3, 
1964 . 

J .  P .  Verltamp, Space   Power   and   P ropu l s ion   Sec t ion ,   admin i s t e red   t he  
p r o g r a m   f o r   t h e   G e n e r a l  Electr ic  Company. C o n t r i b u t o r s  t o  the   p rog ram 
i n c l u d e :  E lec t r ica l  Power   Equipment   Consul ta t ion ,  J .  P.  Hanna,  Advanced 
Techno logy   Labora to r i e s ;   Power   Cond i t ion ing   Sys t ems ,  G .  Vaughn,  Space  Power 
a n d   P r o p u l s i o n   S e c t i o n ;  Pump Ana lys i s   and   Des ign ,  R .  G.  Rhudy,  Large 
Generator   and  Motor   Department;  Materials and   P rocesses ,  W .  G .  Hoehn, 
S p a c e   P o w e r   a n d   P r o p u l s i o n   S e c t i o n ;   R e l i a b i l i t y   A n a l y s i s ,  G .  L .  H i l b r i c h ,  
Space   Power   and   P ropu l s ion   Sec t ion ;   Power   P l an t   In t eg ra t ion ,  A .  Schnacke,  
Space   Power   and   Propuls ion   Sec t ion .  

R .  T .   W a i n w r i g h t   o f   t h e   N a t i o n a l   A e r o n a u t i c s   a n d   S p a c e   A d m i n i s t r a t i o n  
was t h e   t e c h n i c a l   p r o j e c t   m a n a g e r   f o r   t h i s   r e s e a r c h   s t u d y .  H i s  a s s i s t a n c e  
a n d   g u i d a n c e   a r e   g r a t e f u l l y   a c k n o w l e d g e d .  

T h e   e f f o r t s   o f  J . P .   C o u c h   o f   t h e   N a t i o n a l   A e r o n a u t i c s   a n d   S p a c e  
A d m i n i s t r a t i o n   i n   r e v i e w i n g   t h i s   f i n a l   r e p o r t  are also g r a t e f u l l y   a c k n o w l e d g e d .  
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ABSTRACT 

A s t u d y   p r o g r a m ,   i n i t i a t e d   b y  NASA, t o  select  EM pumps f o r  six 
a p p l i c a t i o n s   i n   s p a c e   p o w e r   s y s t e m s   u s i n g   a l k a l i  metal c o o l a n t s   a n d  
w o r k i n g   f l u i d s ,  i s  d e s c r i b e d .   A p p l i c a t i o n s  t o  b o t h   t u r b o e l e c t r i c   a n d  
t h e r m i o n i c   s y s t e m s  are c o n s i d e r e d   f o r   p o t a s s i u m ,   l i t h i u m ,   a n d  N a K  up t o  
2000 OF. T h e   s t u d y   c o v e r s   f l o w  rates  t o  3300 gpm and  deve loped   heads  
t o  100 p s i .   R e s u l t s   i n d i c a t e   t h a t  a t e n f o l d   i m p r o v e m e n t   o v e r   t h e  
w e i g h t s   o f   c o n v e n t i o n a l  EM pumps i s  a t t a i n a b l e .  

A l l  b a s i c  pump t y p e s ,   p l u s   t h e   s i g n i f i c a n t   v a r i a n t s   o f   e a c h ,  are 
d e s c r i b e d   r e l a t i v e  t o  o p e r a t i n g   p r i n c i p l e s ,   g e n e r a l   c o n f i g u r a t i o n s ,  
p e r f o r m a n c e   f e a t u r e s ,   r e l i a b i l i t y ,  and   advan tages   and   d i sadvan tages .  
D e s i g n   c o n s i d e r a t i o n s  are developed   mathemat ica l ly   and  are  p r e s e n t e d  
g r a p h i c a l l y .  

F i v e   d i f f e r e n t   k i n d s   o f  pumps are s e l e c t e d   f o r   d e t a i l e d   s t u d y .  For 
t h e s e ,   c o n c e p t u a l   d e s i g n s ,   c a l c u l a t i o n s ,   a n d   p e r f o r m a n c e   p r e d i c t i o n  
methods a re  p r e s e n t e d .   P r e l i m i n a r y   d e s i g n s  a re  shown f o r  pumps s a t i s f y i n g  
t h e   s i x   s p e c i f i c   a p p l i c a t i o n s .  A l l  materials s e l e c t e d  are w i t h i n   p r e s e n t  
t echno logy .  Pump w e i g h t s ,   e f f i c i e n c i e s ,   a n d   o t h e r   p o w e r   p l a n t   a p p l i c a t i o n  
d a t a  are de te rmined .  Also c o n s i d e r e d  are power   supp ly ,   power   cond i t ion ing ,  
a n d   h e a t   d i s s i p a t i o n .   O t h e r   c o n c l u s i o n s   r e a c h e d   d u r i n g   t h e   s t u d y  are 
d i s c u s s e d .  

ix 





NOMENCLATURE 

Letter  symbols  have  been  assigned,  insofar as practical,  in  accordance 
with  American  Standards.  Where the same  symbol  is  indicated  as  applying 
to  different  quantities,  precedence  has  usually  been  given to  the symbol 
assigned  in  American  Standard  210.5-1949, 
Letter  Symbols  for  Electrical  Quantities. 

Mathematical  symbols  for  trigonometric  and  hyperbolic  functions  and 
for the operations of calculus  are  in  general  accord  with  American 
Standard  Z10f-1928,  Mathematical  Symbols. 

Subscripts,  principally  numeric,  which  are  not  enumerated  here  are 
defined  where  they  are  used  in  the  text. 

Units  are  not  indicated  in  the  nomenclature as  the  relationships  ex- 
pressed  in  this  report  are  valid  in  any  consistent  system  of  units. 
Where  numerical  values for quantities  are  given  in  the  report,  the  units 
are  indicated. 

Roman  Letter  Symbols: 

a  height  of  fluid  in  duct 
A sheet  current  density 
b  width  of  fluid  in  duct 
B magnetic  induction 
c  length  of  duct 
C constant (as  defined) 
d diameter 
D hydraulic  diameter 
ds depth  of  slot 
e  base  of  natural  logarithms, 2.718 ---- 
E  electric  field  intensity 
f  frequency 
F force 
g length  of  magnetic  gap,  gravitational  acceleration 
G performance  parameter (as defined) 
h  number  of  velocity  heads 
H magnetic  field  intensity 
i G, instantaneous  linear  current  density 
I current 
j instantaneous  current  density 
3 current  density 
k  constant 
K constants (as defined) 
kl winding  factor 
L inductance,  length 

xi 



Roman L e t t e r  Symbols: 

m number  of  phases 
M magnetomot ive   force  
N number  of t u r n s  
NH Hartmann  number 
NR Reynolds  number 
P p r e s s u r e  
PF power f a c t o r  
g h e a t   f l o w  
Q volume  flow rate 
r s p e c i f i c   r e s i s t a n c e   ( e l e c t r i c a l )  
R r e s i s t a n c e   ( e l e c t r i c a l )  
s s l i p  
t t h i c k n e s s  of d u c t   w a l l ,  time 
T t e m p e r a t u r e  
U ene rgy  
v v e l o c i t y   o f   f l u i d  
V v o l t a g e  
w s p e c i f i c  power 

W q ,  KWq r e a c t i v e  power 
x, y ,  z r e c t a n g u l a r   c o o r d i n a t e   a x e s  

X r e a c t a n c e  
Y d u c t   p a r a m e t e r   ( a s   d e f i n e d )  
Z per fo rmance   pa rame te r   ( a s   de f ined )  

Greek Le t t e r   Symbol s :  

W ,  KW power 

c o n s t a n t s ,   e x p o n e n t s   ( a s   d e f i n e d )  
f r i c t i o n   f a c t o r  
e f f i c i e n c y  
p o l e   p i t c h ,   w a v e l e n g t h  2 
permeance 
m a g n e t i c   p e r m e a b i l i t y ,   f l u i d   v i s c o s i t y  
c o n s t a n t ,   3 . 1 4 1  ---- 
mass d e n s i t y   o f   f l u i d  
electrical  r e s i s t i v i t y  of f l u i d  
e l e c t r i c a l   r e s i s t i v i t y  of d u c t  walls 
c a v i t a t i o n  number 
r a t i o  of s l o t   w i d t h   t o   s l o t   p i t c h  
i n s t a n t a n e o u s   m a g n e t i c   f l u x  
m a g n e t i c   f l u x  
a n g u l a r   f r e q u e n c y  , 2 fl f 
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S u b s c r i p t s :  

b 
B 
d 
f 
g 
i 
m 
0 

S 
t 
T 
W 

x, Y ,  z 
u 

body 
p e r t a i n i n g   t o   m a g n e t i c   i n d u c t i o n  
p e r t a i n i n g   t o   d u c t  walls 
p e r t a i n i n g   t o   f l u i d  
p e r t a i n i n g   t o   m a g n e t i c   g a p  
p e r t a i n i n g   t o   i n p u t  
p e r t a i n i n g   t o   m a g n e t i c   p a t h  
p e r t a i n i n g   t o   o u t p u t  
synchronous 
p e r t a i n i n g   t o   o n e   t u r n  
t o t a l  
p e r t a i n i n g   t o   w i n d i n g  
components i n   r e s p e c t i v e   a x e s  
v i s c o u s  or  p e r t a i n i n g   t o   v i s c o s i t y  

Genera l  : 

R e  t h e  real p a r t  of t h e   p h a s o r   q u a n t i t y  A 
I m  \A] t h e   i m a g i n a r y   p a r t  of t h e   p h a s o r   q u a n t i t y  A 
(A I t h e   magn i tude  of t h e   p h a s o r   q u a n t i t y  A - A* the   complex   conjugate  of t h e   p h a s o r   q u a n t i t y  A 
A t h e   s p a c e   a v e r a g e   v a l u e  of A 
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I. SUMMARY 

The  Space  Power  and  Propulsion  Section  of  the  General  Electric  Company, 
under  contract to the  National  Aeronautics and Space  Administration,  has 
completed  the  initial  phase  of a  research  program to study  the  applicability 
of  electromagnetic  pumps  to  space  electric  power  plants.  This  is the 
final  report  for  that  initial  phase. 

Electromagnetic  pumping  provides  a  means  of  circulating  fluids  of  high 
electrical  conductivity  within  a  hermetically  sealed  system. No seals, 
bearings or moving  parts  are  required.  Since  the  power  systems  under 
consideration  utilize  molten  alkali  metals  as  working  fluids, the use 
of electromagnetic  pumps  is  particularly  attractive. 

The  objectives  of the Electromagnetic  Alkali  Metal  Pump  Research 
Program  were to  1) determine  the  feasibility of  using  electromagnetic (EM) 
pumps in space  electric  power  plants, 2) establish the  basis for  selecting 
pumps  for  specific  applications, and 3 )  develop  concepts and  design  methods 
for  EM  pumps  applicable to space  power  plants.  Accomplishing  these 
objectives  required  broad  consideration  of  power  systems  integration  and 
over-all  requirements of electric  power  plants  for  spacecraft. 

The  study  program  began  with  a  literature  survey  which  identified  ten 
basic  pump  types.  Consideration  of  the  fundamental  characteristics  of  the 
ten, with  reliability  as  a  primary  criterion,  reduced to  three  the  pump 
types  worthy  of  more  detailed  study.  These  were  the  polyphase  induction 
pump, the single  phase  induction  pump  and the direct  current  conduction 
pump.  Analytical  design  procedures and  performance  prediction  methods 
were  developed  in  the  detailed  study  of  the  three  selected  pump  types. 
Cornputor programs  were  written  for the  design  procedures  allowing  the 
examination  of  a  large  number of possible  designs in selecting  the  optimum 
for  each  application. 

In the  final  selection  the  polyphase  induction  pumps  were  the  first 
choice f o r  all  applications.  The  single  phase  induction pump was an 
alternate  choice  for  the  highest  temperature  application. The dc  conduction 
pump  was  eliminated  at  this  final  step  primarily  because of lower  reliability. 

For applications  requiring  high  developed  head at  relatively  low  flow 
the  helical  induction  pump was  chosen.  Where  high  flow  was  required the 
annular  induction  pump was the choice. 

Specific  weights or  weight  criteria  were  determined  for  all  pumps 
reported  out of  the analytical  procedures.  Specific  weights  or  weight 
criteria in lb.  per KW hydraulic  power  output  were  determined  on  two  bases: 
for the  pump  only  and  in  terms  of  overall  weight  contribution  to  the  power 
plant  including  all  auxiliaries  and  weight  penalties.  The  dc  conduction 
pumps  showed  the  lowest  weight  penalties.  The  dc  conduction  pumps  also 



s h o w e d   t h e   l o w e s t   s p e c i f i c   w e i g h t   i n  all c a s e s .   T h e   s e l e c t e d   p o l y p h a s e  
i n d u c t i o n   p u m p s   r a n g e d   f r o m  1 3 0  l b  / k w   f o r   t h e   s m a l l e s t   t o   9 4   l b / k w   f o r  
t h e   l a r g e s t   o n   t h e   b a s i s  of t h e   p u m p   a l o n e .   T h e   c o r r e s p o n d i n g   o v e r a l l  
w e i g h t   c r i t e r i a   w e r e   2 9 0   l b / k w   a n d  190 l b f k w .  

O t h e r   c o n c l u s i o n s  of p a r t i c u l a r   i n t e r e s t   r e a c h e d   d u r i n g   t h e   c o u r s e  
of t h e   s t u d y   p r o g r a m   w e r e ;  

1 )   E M   p u m p s   f o r   s p a c e   p o w e r   a p p l i c a t i o n   w i t h   s p e c i f i c   w e i g h t s  1 / 1 0  
t h a t  of c o n v e n t i o n a l   E M   p u m p s   a p p e a r   t o   b e   r e a d i l y   a t t a i n a b l e   u s i n g  
p r e s e n t l y   a v a i l a b l e   m a t e r i a l s .  

2 )  E M   p u m p s ,   p a r t i c u l a r l y   t h e   i n d u c t i o n   t y p e ,   a r e   e x p e c t e d   t o   e x h i b i t  
e x c e l l e n t   c a v i t a t i o n   c h a r a c t e r i s t i c s   b e c a u s e   t h e   p u m p i n g   a c t i o n  is t h e  
r e s u l t  of " b o d y   f o r c e s "   g e n e r a t e d   w i t h i n   t h e   f l u i d   i t s e l f .  

3) I t  is e x p e c t e d   t h a t   f l o w   c o n t r o l   c a n   b e   o b t a i n e d   o v e r   t h e   f u l l   r a n g e  
of f l o w   c a p a b i l i t y   w i t h   n o   t e n d e n c y   t o   s t a l l   a t   v e r y   l o w   f l o w .   T h i s   w o u l d  
b e   p a r t i c u l a r l y   v a l u a b l e   i n   s t a r t u p   a n d   s t a n d b y   o p e r a t i o n s .  Also, t h e  
n e e d   f o r   h i g h   t e m p e r a t u r e   t h r o t t l i n g   v a l v e s   f o r   f l o w   c o n t r o l   w o u l d   b e  
e l i m i n a t e d .  
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11. INTRODUCTION 

A. H i s t o r y  of E l e c t r o m a g n e t i c  Pumps 

E l e c t r o m a g n e t i c  pumps have moved  from t h e   l a b o r a t o r y   t o   t h e   p o w e r   p l a n t  
w i t h i n   t h e  l a s t  f i f t e e n   y e a r s .   T h e   b a s i c   p r i n c i p l e ,   h o w e v e r ,  is  p r e c i s e l y  
t h a t   o f   t h e   e l e c t r i c   m o t o r   e s t a b l i s h e d  by M i c h a e l   F a r a d a y   i n   t h e   e a r l y  
n i n e t e e n t h   c e n t u r y .   T h e   p r e c e p t  of a p p l y i n g   f o r c e   t o  a f l u i d   c o n d u c t o r  
r a t h e r   t h a n  a s o l i d  wire by t h e   i n t e r a c t i o n   o f  a magnet ic  f i e l d  a n d   a n  
electric c u r r e n t  is n o t  new. F a r a d a y   i m p l i e d   t h i s   a p p l i c a t i o n   i n   h i s  
B a k e r i a n   L e c t u r e   o f   J a n u a r y   1 2 ,   1 8 3 2 ,   ( R e f .   1 ) .  

Apparen t ly  l i t t le  p r a c t i c a l   a p p l i c a t i o n   o f   t h e   F a r a d a y   i d e a  was found 
u n t i l  F. Holden  (Ref .   2)   used i t  i n  a wa t t -hour  meter. H o l d e n ' s   p a t e n t ,  
d a t e d  May 1 4 ,   1 9 0 7 ,   d e s c r i b e s   t h e   d e t e r m i n a t i o n   o f  e l ec t r i c  ene rgy   f l ow 
by  measuring the q u a n t i t y   o f   m e r c u r y  moved by  what was b a s i c a l l y   a n  
e l e c t r o m a g n e t i c  pump. About t h i s  same time, E .  F .   Nor thrup   (Ref .  3) 
p r e s e n t e d  a d i s c u s s i o n   o f   t h e   e l e c t r o m a g n e t i c  pumping f o r c e s   i n  a f l u i d  
c o n d u c t o r .   S t i l l ,   t h e   s p u r   o f   p r a c t i c a l   a p p l i c a t i o n s  w a s  m i s s ing   and  
l i t t l e  a c t i v i t y  is r e c o r d e d   i n   t h i s   f i e l d   u n t i l  1919 when a B r i t i s h  
p a t e n t  was i s s u e d  t o  Hartmann f o r  a dc   conduc t ion  EM pump ( R e f .   4 ) .  
S u b s e q u e n t l y ,   s p o r a d i c  traces o f   e f f o r t   c a n   b e   f o u n d   f r o m   a p p r o x i m a t e l y  
1920 to  1945  (Refs .  5 t h r o u g h   1 2 ) .  Of t h e s e ,   H a r t m a n n ' s   i n v e s t i g a t i o n  
o f   t h e   e f f e c t   o f  a m a g n e t i c   f i e l d   o n   t h e   v i s c o s i t y   o f  a f l u i d   c o n d u c t o r  
is  p a r t i c u l a r l y   p e r t i n e n t  t o  the   fundamen ta l s   o f  EM pump d e s i g n .  

A b o u t   1 9 4 5 ,   i n t e r e s t   d e v e l o p e d   i n   t h e   a p p l i c a t i o n   o f  EM pumps f o r   t h e  
m e t a l l u r g i c a l   i n d u s t r y .   T h e   f i r s t   s u c h  commercial a p p l i c a t i o n ,   d e v i s e d  t o  
pump molten  a luminum  (Ref .  13), was e f f e c t e d   i n   1 9 4 8  by Ajax   Eng inee r ing  
Company. Here, e l i m i n a t i n g   t h e   i m p e l l e r ,   t h e   s h a f t ,   a n d   t h e  sea l  o f  
mechanica l  pumps was t h e   p r i m a r y   o b j e c t i v e .   C o n c u r r e n t l y ,   b u t   o f   g r e a t e r  
impor t ance ,  was t h e  new i n t e r e s t   i n  EM pumps gene ra t ed   by   t he   coming  
n u c l e a r   t e c h n o l o g y .   A g a i n ,   t h e   n e e d   f o r  a seal-less pump w a s  t h e  
o v e r r i d i n g   c o n s i d e r a t i o n ,   b u t ,   i n   t h i s   c a s e ,   a b s o l u t e   c o n t a i n m e n t   o f   t h e  
r a d i o a c t i v e   m o l t e n  metal w o r k i n g   f l u i d s  was the   p roblem.   S ince   1945,  
h a l f  a d o z e n   m a n u f a c t u r e r s   i n   t h i s   c o u n t r y   a n d   s e v e r a l  more i n   E n g l a n d  
have  produced EM pumps on a commercial or e x p e r i m e n t a l   b a s i s .   T h r e e  
d o m e s t i c   m a n u f a c t u r e r s   r e c o g n i z e d   a c t i v e   i n   t h e   f i e l d   t o d a y  are Atomics 
I n t e r n a t i o n a l ,   G e n e r a l   E l e c t r i c  Company, and   Mine   Safe ty   Appl iances   Research  
C o r p o r a t i o n .  

The  General  E l e c t r i c  Company became a c t i v e   i n  EM pump work abou t   1947 .  
The e a r l i e s t  u n i t s ,   p r o d u c e d   a b o u t   1 9 4 8 ,  were ac  conduc t ion  pumps i n t e n d e d  
f o r   l a b o r a t o r y   u s e .  Work o n   i n d u c t i o n  pumps a l s o  s t a r t e d   i n   1 9 4 8   a n d ,  by 
1950, a 400 gpm h e l i c a l   i n d u c t i o n   u n i t   a n d  a 1200 gpm f l a t   i n d u c t i o n   u n i t  
had   been   produced   and   tes ted .  When t h e   S u b m a r i n e   I n t e r m e d i a t e  Reactor P r o j e c t  
was i n i t i a t e d   i n   1 9 4 8 ,   w i t h   t h e   o b j e c t i v e   o f   p r o d u c i n g  a sod ium  coo led   nuc lea r  
power p l a n t   f o r   s u b m a r i n e s ,   c o n s i d e r a b l e   i m p e t u s  was added to  i n d u c t i o n  pump 
development  work.  The ea r l i e r  work   had   p roved   su f f i c i en t ly   encourag ing  to  
w a r r a n t  a g r e a t l y   a c c e l e r a t e d   p r o g r a m .   B e t w e e n   1 9 5 3   a n d   1 9 5 6 ,   s e v e n t e e n  
l a r g e  f l a t  i n d u c t i o n  pumps were p roduced   and   t e s t ed .  The f o u r   u n i t s   i n s t a l l e d  
in   t he   Seawol f   Submar ine  were r a t e d  a t  3300 gpm d e v e l o p i n g  85 p s i   p r e s s u r e  
w i t h  an o v e r - a l l   e f f i c i e n c y   o f   4 3 % .  
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C l o s e l y   f o l l o w i n g   t h e   S e a w o l f   u n i t s ,  a 5000 gpm pump was p r o d u c e d   i n  
1956 f o r  the   sod ium  coo led   Expe r imen ta l   Breede r  Reactor Program a t  
A r g o n n e   N a t i o n a l   L a b o r a t o r y .   T h e n ,   i n   1 9 5 9 ,  a 6500 gpm u n i t ,  a l so  a 
f l a t  i n d u c t i o n  pump, was d e l i v e r e d  t o  Argonne to  be   used  a t  t h e   N a t i o n a l  
Reactor T e s t   S t a t i o n   i n   I d a h o .   D u r i n g   t h e   1 9 5 0 - 1 9 6 0   d e c a d e ,   c o n s i d e r a b l e  
EM pump d e v e l o p m e n t   w o r k   p e r f o r m e d   i n   E n g l a n d   c u l m i n a t e d   i n   t h e   d e l i v e r y  
o f   f o r t y - e i g h t  l i n e a r  i n d u c t i o n  pumps f o r  t h e   l a r g e   p o w e r   b r e e d e r  
reactor a t  Dounreay . 

About  1960 new a c t i v i t y ,   r e l a t e d  t o  s p a c e   p o w e r   s y s t e m s ,   b e g a n   i n   t h e  
f i e l d   o f   a l k a l i  metals t e c h n o l o g y .  A t  t h a t  time t h e r e  were o n l y  t w o  w e l l  
e s t a b l i s h e d   p r o d u c e r s   o f  small pumps s u i t e d  to  labora tory   work .   Mine  
S a f e t y   A p p l i a n c e s   R e s e a r c h   C o r p o r a t i o n   h a s  f o r  many y e a r s   o f f e r e d  a l i n e  
of ac c o n d u c t i o n  pumps n o t e d   f o r   g o o d   v e r s a t i l i t y  a t  l o w  cos t .  S i n c e  
1960 MSAR h a s   a d d e d   d c   c o n d u c t i o n  pumps t o  i t s  l i n e   p r i m a r i l y  t o  meet t h e  
n e e d   f o r  a d e s i g n  w e l l  s u i t e d  t o  h i g h  vacuum e n v i r o n m e n t .  

T h e   o t h e r   p r o d u c e r   i n   t h e   l a b o r a t o r y  EM pump f i e l d  w a s  L i q u i d  Metals 
I n c .  who h a d   l o n g   c a r r i e d  a l i n e  of r o t a t i n g   m a g n e t  EM pumps t h a t   f o u n d  
f a v o r   i n  many small and medium s i z e   a l k a l i  metal t es t  f a c i l i t i e s .  

A r e c e n t   a r r i v a l  t o  t h e  EM pump b u s i n e s s  i s  Atomics I n t e r n a t i o n a l  
who now produce  a l i n e   b a s e d   o n  a h e l i c a l   r o t o r  moving  magnet   design.   The 
b a s i c   d e s i g n  i s  a d a p t a b l e  t o  a wide  range of f low requ i r emen t s .   Even  more 
r e c e n t l y  A I  h a s   a d d e d   t h e r m o e l e c t r o m a g n e t i c  pumps t o   t h e i r   l i n e .  

T h e   G e n e r a l   E l e c t r i c  Company p r o v i d e s  a l i n e   o f   i n d u c t i o n  pumps f o r  
a l k a l i  metal t e s t  f a c i l i t i e s '  a p p l i c a t i o n s .   B e c a u s e   o f   t h e   h i g h   t e m p e r a t u r e s ,  
r e l a t i v e l y   h i g h   p r e s s u r e s ,   a n d  low f l o w s ,   t h e   h e l i c a l   i n d u c t i o n  pump was 
s e l e c t e d  f o r  these   app l i ca t ions .   Be tween   1960   and   1964   ove r  a d o z e n   h e l i c a l  
pumps f o r   v a r i o u s   r a t i n g s   f o r   l i q u i d  metal t e m p e r a t u r e s  up t o  2200 O F  were 
p u t   i n   s e r v i c e ,  some of  which were d e s i g n e d   f o r   h i g h  vacuum envi ronment .  

I n   t h e   d e s i g n  of t h e   v a r i o u s  classes o f   i nduc t ion   pumps ,  i t  i s  i n t e r e s t i n g  
t o  n o t e   t h e   e f f e c t   o f   d i f f e r e n c e s   i n   e m p h a s i s  on t h e   v a r i o u s   d e s i g n  c r i t e r i a .  
I n   t h e   s h i p b o a r d   u n i t s ,   m e n t i o n e d   a b o v e ,   r e l i a b i l i t y   a n d   e f f i c i e n c y  were 
e m p h a s i z e d .   B o t h   o b j e c t i v e s  were r e a l i z e d   i n   t h e  43% e f f i c i e n c y   a t t a i n e d  
a n d   t h e   s u c c e s s f u l   1 0 , 0 0 0 - h o u r ,   m a i n t e n a n c e   f r e e   o p e r a t i o n .   C o n v e r s e l y ,  
test  f a c i l i t y   u n i t s  are u s u a l l y   d e s i g n e d   f o r   r e l i a b i l i t y   a n d  low c o s t .  
Here, t h e  same h i g h   r e l i a b i l i t y  i s  r e a l i z e d ,   b u t   e f f i c i e n c y  i s  u s u a l l y  
i g n o r e d   i n   f a v o r   o f  low c o s t  materials a n d   f a b r i c a t i o n   p r o c e s s e s .  
C o n s e q u e n t l y ,   e f f i c i e n c i e s   o f  5% or lower are n o t  uncommon i n  test  f a c i l i t y  
pumps. I n  pumps d e s i g n e d   f o r   s p a c e   a p p l i c a t i o n s ,   r e l i a b i l i t y   a n d   w e i g h t  
become  prime c r i t e r i a .  A s  i n d i c a t e d   i n   t h e   e x a m p l e s   i n   T a b l e  1 ,  t h e   s p a c e  

comparable  s i ze .  A s  a r e s u l t   o f   o p t i m i z a t i o n  t o  o b t a i n   t h e   b e s t   d e s i g n  
b a l a n c e   f r o m   t h e   o v e r - a l l   s p a c e   p o w e r   p l a n t   s t a n d p o i n t ,   e f f i c i e n c y   f a l l s  
be tween   t he   h igh   o f   t he   sh ipboa rd   t ypes   and   t he  l o w  of t h e   f a c i l i t y   t y p e s .  

d e s i g n   o b t a i n s  a much lower w e i g h t   t h a n   t h e   c o n v e n t i o n a l  EM pumps of 
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TABLE 1. SOME INDUCTION EM PUMPS 
DESIGNED,  PRODUCED, AND OPERATED BY GENERAL ELECTRIC 

________- __ .- 
Flow,   P res s .  , Temp. , 

_ ~. "~ 

E f f  . , W t .  , Sp. W t .  ,a Pump Serv ice   and  
p s i  OF F l u i d  % l b s  - lbs/kw . .  Type De l ive ry   Da te  

~ ". 

. .~ - ~ 

400 

3 

200 

1 5  

3300 

40  500 Na 15   1 ,000   1 ,420   He l i ca l   Deve lopmen t  T e s t  
Induct ion   1948 

75  2200 K 

20 1850 K 

1 5 7 0   5 , 8 0 0   H e l i c a l   1 0 0  KW F a c i l i t y ,  
I n d u c t i o n  G . E . ,  Evendale  

1962 

6 1 , 5 0 0   8 6 0   H e l i c a l  300 KW F a c i l i t y ,  
I n d u c t i o n  G . E .  , Evendale 

1961 

100  1200 K 14  105 164b H e l i c a l  " _  

85 GOO Na 43   11 ,400  93c F l a t  SSN Seawolf 

I n d u c t i o n  

Induct ion   1956 

- .  - .  - .  , " . . ." - ~ ~ ~ ~~ ~~ .- "~ ..__ . . - -. . .. . - - - - . . . ~ . _ _ _ _ _  ~- - ~~ 

a 
S p e c i f i c   w e i g h t   o n   t h e   b a s i s   o f  pump we igh t   ( l b s ) /pump  hydrau l i c   ou tpu t  (kw) .  

Based   on   p re l imina ry   des ign   on ly   bu t   t yp ica l   o f   t he   s tudy   r e su l t s .   L i s t ed   he re  
fo r   compar i son   pu rposes .  

A s  a g e n e r a l  r u l e ,  l a r g e r  pumps   have   lower   spec i f ic   weights .  C 

-5 - 



B. Need f o r  EM Pumps i n  Space  Power  Systems 

A s  p r e s e n t l y   c o n c e i v e d ,  large s p a c e  power p l a n t s ,   e x c e e d i n g  100 kw o u t p u t ,  
m u s t   o p e r a t e   u n a t t e n d e d   o n   s p a c e  missions of two y e a r s ’   d u r a t i o n .   T h e   e n e r g y  
s o u r c e  for the power is a n u c l e a r  reactor c o o l e d   b y   a l k a l i  metal and  the power 
c y c l e s  are based  on a l k a l i  metals as heat t r a n s f e r   a n d   w o r k i n g   f l u i d s .   B e c a u s e  
of the i r  low e lec t r ica l  r e s i s t i v i t i e s ,  t he  molten a l k a l i  metals c a n   b e   c i r c u l a t e d  
r e a d i l y   b y   e l e c t r o m a g n e t i c   p u m p i n g .  Numerous advan tages  a re  f o r e s e e a b l e   i n   s u c h  
a n   a p p l i c a t i o n  : 

Q H i g h   r e l i a b i l i t y   s i n c e   t h e r e  are  n o   m o v i n g   p a r t s .  

Q The a b i l i t y  t o  o b t a i n   h e r m e t i c a l l y   s e a l e d   s y s t e m s  

o Smooth   f l ow  con t ro l  down t o  zero f l o w .  

Q E l i m i n a t i n g   t h e   n e e d  f o r  h i g h   t e m p e r a t u r e   t h r o t t l e   v a l v e s .  

CJ S i m p l i f i e d   s t a r t u p   a n d   s t a n d b y   o p e r a t i o n s  

o Greater f r e e d o m   o f   c h o i c e  of t h o s e  materials c o n t a c t i n g  
or c o n t a i n i n g   t h e  pumped f l u i d .  

A s  c i t e d   i n   T a b l e   1 ,   t h e   w e i g h t   o f   c o n v e n t i o n a l  EM pumps i n  s izes  of 
i n t e r e s t   h e r e   h a s  commonly r u n   i n   t h e   o r d e r  of 1000 Ib/kw  power  output .  
S i m i l a r l y ,   t h e   c a n n e d  motor pumps w i d e l y   u s e d   i n   n u c l e a r   p o w e r   p l a n t s  
show c o m p a r a b l e   s p e c i f i c   w e i g h t s .   T h i s   m e r e l y   r e f l e c t s   t h e   f a c t   t h a t  
w e i g h t   p e r  se i s  o f   m i n o r   i m p o r t a n c e   i n  a l a n d   b a s e d   p o w e r   p l a n t .   I n f o r m a t i o n  
i n   s u b s e q u e n t   c h a p t e r s  w i l l  demons t r a t e   t ha t   we igh t   improvemen t  by   an   o rde r  
of magn i tude   can   be   ob ta ined   i n  EM pumps. 

C .  The  Study  Program 

U n t i l   r e c e n t l y ,   t h e   u s e   o f  EM pumps i n   s p a c e   p o w e r   p l a n t s   e m p l o y i n g  
l i q u i d  metal w o r k i n g   f l u i d s   h a d   b e e n   g e n e r a l l y   c o n s i d e r e d   u n a c c e p t a b l e   f r o m  
a w e i g h t   p e n a l t y   s t a n d p o i n t .   I n   e v a l u a t i n g   t h e   r e l i a b i l i t y   p r o b l e m s  
a s soc ia t ed   w i th   o the r   pumping   me thods ,   however ,  i t  a p p e a r e d   t h a t  a l a r g e r  
w e i g h t   p e n a l t y   m i g h t   b e   a c c e p t e d  t o  g a i n   t h e   h i g h   r e l i a b i l i t y   a t t a i n a b l e  
w i t h  EM pumps. 

T o   a p p r a i s e   t h o r o u g h l y   t h e   u s e   o f  EM pumps i n   s p a c e   p o w e r   a p p l i c a t i o n s ,  
NASA e s t a b l i s h e d   t h e   p r e s e n t   p r o g r a m .   I n  i t s  i n i t i a l   p h a s e ,   t h e   p r o g r a m  was 
p u r e l y   a n a l y t i c a l   a n d   c o m p r i s e d :  

GI An e v a l u a t i o n   o f  EM pumps s u i t a b l e   f o r   s p a c e   p o w e r   s y s t e m s .  

o The   deve lopment   o f   ana ly t ica l   methods  t o  p r e d i c t   p e r f o r m a n c e  
and t o  d e f i n e  optimum d e s i g n .  
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Q T h e   d e v e l o p m e n t   o f   a n a l y t i c a l   m e t h o d s   f o r   s c a l i n g  EM pumps 
t o  meet f u t u r e   r e q u i r e m e n t s .  

o Recommendations  on the  s e l e c t i o n   o f   o n e  or more EM pumps 
f o r  tes t .  

o T h e   d e f i n i t i o n   o f   a n  EM pump test program. 

U n d e r   t h e   c o n t r a c t   s t i p u l a t i o n s ,   e v a l u a t i o n ,  se lect ion,  a n d   a n a l y s i s  
were g u i d e d   b y   s i x   p a r t i c u l a r  pump a p p l i c a t i o n s .   T h e   d e s i g n   o b j e c t i v e s  
s t a t e d   f o r   t h e   s e l e c t i o n   o f   t h e s e  pumps w e r e  q u i t e   s p e c i f i c   a n d  were based  
o n   t h e   b e s t  estimates f r o m   e x i s t i n g   s p a c e   p o w e r   p l a n t   s t u d i e s  a t  t h e   o n e  
megawatt o u t p u t   l e v e l .   T h e  pumps were i n t e n d e d   f o r   u s e   i n   s p a c e  e l ec t r i c  
p o w e r   g e n e r a t i n g   s y s t e m s   o f   t h e   t u r b o e l e c t r i c   a n d   t h e r m i o n i c   t y p e s   u s i n g  
c e r t a i n   a l k a l i  metals as  t h e   w o r k i n g   f l u i d s .   T h e   e n e r g y   s o u r c e  w a s  a 
n u c l e a r   r e a c t o r ;   t h e   h e a t   s i n k ,  a r a d i a t o r   i n   s p a c e .   T h e   d e s i g n   o b j e c t i v e s  
f o r   t h e   s i x   a p p l i c a t i o n s  are summarized i n   T a b l e  2 .  F i g u r e  1 locates t h e  
pumps s c h e m a t i c a l l y ,   b y   b o l d   o u t l i n e ,   i n   t h e i r   r e s p e c t i v e   p o w e r   p l a n t s .  

F i g u r e  1 . a  i s  based  on a t y p i c a l   t u r b o g e n e r a t o r   s p a c e   p o w e r   p l a n t  
( R e f .   1 4 ) .  A t h ree - loop   sys t em i s  p r e s e n t e d   u s i n g  a n u c l e a r  reactor as 
t h e   e n e r g y   s o u r c e .   T h e   p r i m a r y   c o o l a n t  pump, a l t h o u g h   i n d i c a t e d ,  w a s  n o t  
a p a r t   o f   t h e   s t u d y .  Reactor h e a t ,   t r a n s p o r t e d  t o  t h e   b o i l e r  by t h e  
p r i m a r y   c o o l a n t ,   v a p o r i z e s   p o t a s s i u m  t o  d r i v e   t h e   t u r b i n e - g e n e r a t o r   u n i t ,  
p roduc ing  2000 c y c l e  ac power .   Spen t   vapor   f rom  the   t u rb ine  i s  condensed 
a n d   t h e   l i q u i d  i s  r e c y c l e d  by a b o i l e r   f e e d  pump. One s t u d y   a p p l i c a t i o n  
was a b o o s t  pump t o  i n c r e a s e   p r e s s u r e  a t  t h e   b o i l e r   f e e d  pump s u c t i o n  t o  
a v o i d   c a v i t a t i o n   p r o b l e m s .  From t h e   c o n d e n s e r ,   h e a t  i s  r e j e c t e d  t o  s p a c e  
by a r a d i a t o r   u s i n g   l i t h i u m  or N a K  as t h e   t r a n s p o r t   f l u i d .   T h e  pumps p r e s c r i b e d  
h e r e   c o n s t i t u t e d   t h e   s e c o n d   a n d   t h i r d   s t u d y   a p p l i c a t i o n s .  

F i g u r e   1 . b  i s  a schemat i c   o f  a t h e r m i o n i c   p o w e r   p l a n t   ( R e f .  14). I n   t h i s  
ca se ,  t h e  e l e c t r i c  power i s  g e n e r a t e d   w i t h i n   t h e  reactor by t h e r m i o n i c   e l e m e n t s  
h e a t e d   d i r e c t l y  by t h e   n u c l e a r   f u e l .  Heat i s  r e j e c t e d   f r o m   t h e   t h e r m i o n i c  
e l e m e n t s  t o  t h e   p r i m a r y   c o o l a n t   l i t h i u m ;   t h i s  pump w a s  t h e   f o u r t h   s t u d y  
a p p l i c a t i o n .  Heat i s  t r a n s f e r r e d   f r o m   p r i m a r y  t o  r a d i a t o r   c o o l a n t   t h r o u g h  
a h e a t   e x c h a n g e r .   T h e   r a d i a t o r   s y s t e m  i s  similar t o  t h e   t u r b o e l e c t r i c   p l a n t  
c o u n t e r p a r t   d e s c r i b e d   a b o v e   a n d   r e q u i r e s   l i t h i u m  or N a K  pumps f o r   w h i c h   t h e  
f i f t h   a n d   s i x t h   a p p l i c a t i o n s  are i n c l u d e d   i n   t h e   s t u d y .  

The   s chemat i c s  shown i n   F i g u r e  1 are s i m p l i f i e d  for  b r e v i t y   a n d   c l a r i t y .  
D e t a i l s ,  which are n o t  shown bu t   wh ich  were c o n s i d e r e d   i n   t h e   s t u d y   w o r k ,  
i n c l u d e d :  

1 )   M u l t i p l e  pumps. All a p p l i c a t i o n s ,   e x c e p t   t h e   p r i m a r y   c o o l a n t  
pump, r e q u i r e d   m u l t i p l e   p a r a l l e l   s y s t e m s  t o  g a i n   r e l i a b i l i t y  
th rough  redundancy .  

2 )  A u x i l i a r y   c o o l i n g   s y s t e m s .  
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TABLE 2 ,  SPACE POWER PLANT UI PUMP APPLICATIONS 

Fluid Temp.. OF 
l b / w c  

Flow. """ IDrn 

I Turboelectric K 
Condensate Ooost 

I 1 1  Turboelectric L l  
Rodlaror  Coolant 

I V  Thermionic L i  
Primary CoOlsnt 

V Thermlonlc NaK 
Rsdlator Coolant 

VI Therlnlonlc Ll 
Radiator Coolant 

1200 1000 1000 

1400 1400 
to to 

1200 1000 1000 

1300 1300 
t o  LO 

1200 1000 1000 

1500 1500 
to LO 

1100 1200 1200 

2000 1500 
to to 

1200 1000 1000 

1300 1300 
to to 

1200 1000 1000 

1500 1500 
L O  to 

1.5 1-12 1-10 30 2.9-62 2.9-47 3.0 0-16 0-16 4 0 . 2 1  0.01-3.5 0 .01 -2 .2  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  
16 10-130 10-110 100 10-200 10-150 1 0  0-50 n-5n 

6 . 0  3 -36  3-24 25 10-100 10-100 30 20-40 20-40 16 0 . 6 5  0.13-16 0 . 1 3 - 1 1  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  
60 29-370 29-250 80 30-320 30-320 91 60-120 60-120 

2.0 1-12 1-8 20 10-60 10-40 30 20-40 20-40 16 0.26 0.06-5 0.06-2 .3  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
31 15-190 15-130 98 48-300 48-200 150 100-200 loo-zno 

4 0  35-200 35-100 6 3-50 3-10 10 5-20 5-20 1 1.7 0.20-il 0.70-7.0 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  
640 540-3300 540-1600 31 15-210 15-50 52 25-110 25-100 

6 . 0  3-36 3-24 25 10-100 10-100 30 20-40 211-40 16 0 . 6 5  0 .15-16  0 . 1 3 - 1 1  

60 29-370 29-250 80 30-320 30-320 97 60-120 60-120 

2 . 0  1-12 1-8 20 10.60 10.40 30 20-40 20-40 16 0.26 0.06-5 0.06-2.3 

30 15-190 15-130 98 48.300 48-200 150 loo-2on 1nn-2nn 

. . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



3) Power  conditioning  systems to provide  electricity to the 
pumps in a  suitable  form. 

4)  Shaft  power  at  the  turbine, if useful,  to  drive  the  EM 
pumps . 

5) Thermoelectric  elements as a  power  source. 

A s  a  further  guide  to  selection  and design, a  set of general  requirements 
were  specified. 

1) Reliability:  The  major  design  consideration  is  reliability, 
i.e., the EM pump  configuration  shall  be  designed €or two 
years of continuous,  maintenance-f  ree  life. 

2) Weight:  Consistent  with  other  requirements, the over-all 
pumping  system  weight  shall  be as low a s  possible. 

3) Efficiency: The over-all  pumping  system  shall  be  designed 
for the  optimum  efficiency  compatible  with  maximum 
reliability  and low  weight. 

4 )  Leakage:  External  leakage of the  working  fluid  from  the 
system  shall  be zero. 

5) Materials:  Applications and methods  of  fabrication  shall  be 
considered  in  the  design  and  be  within  present  state-of-the- 
art. 
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I1 I . EM PUMP TECHNOLOGY 

A .  Su rvey   o f  EM Pump Types 

A r a t i o n a l   c h o i c e   o f   t h o s e  EM pump c o n f i g u r a t i o n s   b e s t   s u i t e d  t o  s p a c e  
p o w e r   a p p l i c a t i o n s   r e q u i r e d  a c o m p l e t e   a p p r a i s a l  of t h e   p r i n c i p a l   f e a t u r e s  
a n d   c h a r a c t e r i s t i c s  oi t h e   v a r i o u s   p o s s i b l e   t y p e s   a n d   c o n f i g u r a t i o n s   o f  EM 
pumps. A c c o r d i n g l y ,   t h e   i n t e n t i o n   h e r e  i s  t o  d e s c r i b e   a n d   i l l u s t r a t e   b a s i c  
EM pump t y p e s  t o  f a c i l i t a t e   v i s u a l i z i n g   t h e i r   p o s s i b l e   v a r i a t i o n s   a n d  t o  
i n d i c a t e   t h e i r   p r i n c i p a l   f e a t u r e s   a n d   c h a r a c t e r i s t i c s .  T o  a t t a i n  compre- 
h e n s i v e   c o v e r a g e   o f  EM pump t y p e s ,   t h e   a c c u m u l a t i o n   a n d   o r g a n i z a t i o n   o f  
t h e   m a t e r i a l   p r e s e n t e d   e n t a i l e d   t h e   f o l l o w i n g   s t e p s :  

1 )   T h e   a v a i l a b l e   l i t e r a t u r e  was   su rveyed .   Sec t ion  V I ,  
B i b l i o g r a p h y , l i s t s   t h e  most   impor tan t   sources   which  
were c o n s u l t e d .  

2)  P r i n c i p l e s  a n d   c o n f i g u r a t i o n s   a n a l o g o u s   t o   e l e c t r o m a g n e t i c  
d e v i c e s   i n  a d v a n c e d   s t a g e s   o f   d e v e l o p m e n t ,   p r i n c i p a l l y  
motors  and g e n e r a t o r s ,  were s o u g h t .  

1.  D e f i n i t i o n   a n d   P r i n c i p l e   o f   O p e r a t i o n  

For t h i s   s t u d y ,   t h e  term EM pump is  a p p l i e d  t o  a n y   d e v i c e   i n   w h i c h   t h e  
body  force   on  a c o n d u c t i n g   f l u i d   r e s u l t s   f r o m   t h e   i n t e r a c t i o n   b e t w e e n   a n  
e l e c t r i c  c u r r e n t   a n d  a m a g n e t i c   f i e l d   i n   t h e   f l u i d   a n d   p r o d u c e s  a p r e s s u r e  
r i s e  i n   t h e   f l u i d   a s  i t  p a s s e s   f r o m   t h e   i n l e t  t o  t h e   o u t l e t   o f   t h e   d e v i c e .  
Th i s   body   fo rce  i s  comple t e ly   ana logous  t o  t h e   f a m i l i a r   f o r c e  on a c u r r e n t  
c a r r y i n g   c o n d u c t o r   i n  a m a g n e t i c   f i e l d ,  i . e . ,  t h e   o p e r a t i n g   p r i n c i p l e   o f  
dc   mo to r s ,   i nduc t ion   mo to r s ,   and  many o t h e r  common e l e c t r o m a g n e t i c   d e v i c e s .  

Q u a n t i t a t i v e l y ,   a s s u m i n g   a n  e l ec t r i c  c u r r e n t   a n d  a m a g n e t i c   f i e l d   i n  a 
f l u i d ,   t h e   p r e s s u r e   g r a d i e n t  i s  p r o p o r t i o n a l   t o   t h e   p r o d u c t   o f   t h e   m a g n e t i c  
f i e l d   s t r e n g t h  and t h e  component o f   c u r r e n t   d e n s i t y   p e r p e n d i c u l a r  t o  t h e  
m a g n e t i c   f i e l d   s t r e n g t h .   T h e   p r e s s u r e   g r a d i e n t  i s  a maximum i n   t h e   d i r e c t i o n  
m u t u a l l y   o r t h o g o n a l   t o   f i e l d   s t r e n g t h   a n d   c u r r e n t   d e n s i t y .   T h u s ,   i n   t h e  
e l e m e n t a r y   d u c t   s e c t i o n  of the   ske t ch   be low,   a s suming  

dPZ = j B d z  
X Y  

1 
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where  j x  and By are c u r r e n t   d e n s i t y   a n d   f l u x   d e n s i t y   i n   t h e   a x e s   i n d i c a t e d  
by t h e   s u b s c r i p t s ;  dz i s  a n   i n c r e m e n t a l   l e n g t h  i n  t h e  z a x i s ;  dPZ i s  t h e  
i n c r e m e n t a l   p r e s s u r e  r ise i m p a r t e d  t o  t h e   f l u i d   o v e r   t h e   d i s t a n c e  dz.  

t By 
! 

Elementary  Duct S e c t i o n .  

T h e   p r e s s u r e  r ise  d e v e l o p e d  by an EM pump i s  t h e   i n t e g r a l  Of e q u a t i o n  1 
o v e r   t h e   a x i a l   l e n g t h   o f  f l o w  p a s s a g e s  of t h e  pump. The t o t a l  f low i s  t h e  
s u r f a c e   i n t e g r a l   o f   t h e   f l u i d   v e l o c i t y   o v e r   t h e  cross s e c t i o n  of t h e  pump 
d u c t .   I n  most EM pump c o n f i g u r a t i o n s ,   t h e  local f l u i d   v e l o c i t y   i n   t h e  pump 
d u c t  i s  d i r e c t l y   p r o p o r t i o n a l  t o  t h e  pump f l o w .   I n   o n e   e x c e p t i o n ,   w h i c h  
h a s   b e e n   c a l l e d  a c e n t r i f u g a l  EM pump, t h e   e l e c t r o m a g n e t i c   b o d y   f o r c e  i s  
u s e d  t o  accelerate  t h e   f l u i d  t o  a h i g h   v e l o c i t y   i n  a c l o s e d   p a t h   ( a s   i n  a 
c y l i n d e r  or  d i s c ) ,   a n d  a p r e s s u r e   i n c r e a s e  i s  o b t a i n e d   b y   c e n t r i f u g a l  
force ( a s   i n  a m e c h a n i c a l   c e n t r i f u g a l  pump), A s e c o n d   e x c e p t i o n  w i l l  be  
c i t e d  l a t e r  i n   t h i s   s e c t i o n .  

Because   the   method  by   which   an  e l ec t r i c  c u r r e n t  i s  e s t a b l i s h e d   i n   t h e  
f l u i d   p r o v i d e s  a c o n v e n i e n t   c l a s s i f i c a t i o n   s y s t e m ,  EM pumps may b e   c l a s s i f i e d  
as  e i t h e r   c o n d u c t i o n  or i n d u c t i o n   p u m p s .   I n   c o n d u c t i o n   p u m p s ,   t h e   c u r r e n t  
i n   t h e   f l u i d  is  s u p p l i e d   f r o m   a n   e x t e r n a l   s D u r c e   a n d  is  c o n d u c t e d   i n t o   t h e  
f l u i d  by e l e c t r o d e s .   I n   i n d u c t i o n  pumps, t h e   c u r r e n t   f l o w s   i n   t h e   f l u i d   b e c a u s e  
o f   v o l t a g e s   i n d u c e d   i n   t h e   f l u i d  by a time v a r y i n g  or m o v i n g   m a g n e t i c   f i e l d .  

I n   a d d i t i o n  t o  c u r r e n t   i n   t h e   f l u i d ,  a m a g n e t i c   f i e l d   p e r p e n d i c u l a r  t o  
t h e   d i r e c t i o n   o f   c u r r e n t   f l o w  is e s s e n t i a l   f o r   e l e c t r o m a g n e t i c   p u m p i n g .   T h e  
me thod   by   wh ich   t he   magne t i c   f i e ld  i s  e s t a b l i s h e d   i n   t h e   f l u i d ,   t h e r e f o r e ,  
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affords  a  convenient  subclassification  system. For example,  the  field  may 
be  established  by  static o r  moving  permanent  magnets,  by  static o? moving 
electromagnets  excited  by  direct  current,  by  electromagnets  energized  by 
single phase  alternating  current, o r  by  distributed  windings  energized  by 
polyphase  alternating  current. 

A further  subclassification  is  based on the  duct  shape  and  the  geometric 
path  followed  by the fluid  in  traversing  the  duct.  Several  different 
configurations  have  been  developed  for  various  purposes  in  electromechanical 
devices;  analogous  configurations  may  also  be  employed in EM pumps. 
Examples are the  familiar  cylindrical  rotor  used  in  most  dc  and  induction 
motors, the  rotating  disc  used in axial  gap  induction  motors,  and  the 
linearly  moving  slab  used  in  electromagnetic  catapults.  In  comparison 
with  electromechanical  devices,  the  absence of a fixed  shape of  the  fluid 
in EM pumps  provides  an  additional degree  of  freedom. 

2. Duct  Shapes 

A consideration of the  basic  duct  shapes  which  are  adaptable to electro- 
magnetic  pumping  of  conducting  fluids  is  pertinent. The fundamental 
requirements  are  that  the  duct  contain  the  fluid  and  that a magnetic  field 
and  an  electric  current,  with  mutually  perpendicular  components,  be 
established  in  the fluid.  In  the following  discussion,  a  duct  with a 
rectangular  cross  section  is  taken as the  elementary  duct,  and  the  various 
duct  shapes  are  generated  from  it. 

a .  Flat.  This duct, illustrated  in  Figure 2, is  straight  and of - 
rectangular  cross  section. A s  indicated  earlier, a fluid  in  such a duct 
experiences  a  force  in  the z axis  when  mutually  perpendicular  components 
of flux  density  and  current  density are established  in  the  x-y  plane. 
Thus, By and j, (and B, and jy) will  produce  a  force  on  the  fluid in the 
z direction.  In  practice,  both  pump  design  and  power  supply  considerations 
make it preferable  to  mlnimize  the  exciting  magnetomotive  force  (m.m.f.) 
and  current . 

Figure 2 shows  clearly  that,  for  b>a,  the  combination  of By and jx 
requires  both  lower  exciting  m.m.f.  and  fluid  current  than  the  combination 
of B, and jy, for  the  same  values  of  flux  density  and  of  current  density. 
Then, f o r  By and jx,  only, and  for  fluid  velocity  vz,  the  developed  pressure, 
Pz, is 

P z =  B j c 
Y X  

2 

Q = v a b  
z 

3 
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where P and Q are p r e s s u r e   d e v e l o p e d   a n d  f low r a t e ,  r e s p e c t i v e l y ,  
f o r   t h e   e l e m e n t a r y  pump.  With t h e   l i m i t a t i o n s   i m p o s e d  on  t h e  maximum 
values   of   By,   jx ,   and  vz  by material p r o p e r t i e s ,   c o o l i n g   c o n s i d e r a t i o n s ,  
a n d   h y d r a u l i c   l o s s e s ,  i t  i s  a p p a r e n t   t h a t  pumps d e v e l o p i n g   r e l a t i v e l y   h i g h  
p r e s s u r e   r e q u i r e   r e l a t i v e l y   l o n g   p u m p i n g   s e c t i o n s   ( l a r g e   c ) ;   w h e r e a s  pumps 
h a n d l i n g   r e l a t i v e l y   h i g h   f l o w s   r e q u i r e   r e l a t i v e l y  large c r o s s - s e c t i o n a l  
a reas  a b . Compared w i t h   d u c t   s h a p e s  t o  b e   d e s c r i b e d  l a t e r ,  i n   r e a s o n a b l y  
well  p r o p o r t i o n e d   d e s i g n s ,   t h e   f l a t   d u c t  i s  b e s t   s u i t e d   f o r  l o w  t o  modera te  
d e v e l o p e d   p r e s s u r e   a n d   f o r   m o d e r a t e  t o  h i g h   f l o w .  

b .   A n n u l a r .   T h e   e l e m e n t a r y   d u c t   o f   r e c t a n g u l a r  cross s e c t i o n   c a n   b e  
reshaped  t o  f o r m   t h r e e   b a s i c   a n n u l a r   c o n f i g u r a t i o n s ,   w h i c h  may b e   d e s i g n a t e d  
a x i a l   f l o w ,   t a n g e n t i a l   f l o w ,   a n d   h e l i c a l   f l o w .  

1. Axial Flow.  The a x i a l  flow a n n u l a r   d u c t   r e s u l t s   f r o m   b e n d i n g  the 
r e c t a n g u l a r   d u c t   i n   F i g u r e  2 a b o u t  the z a x i s  t o  f o r m   a n   a n n u l u s .   F i g u r e  3 
i l l u s t r a t e s  t h i s  d u c t   c o n f i g u r a t i o n .   E f f e c t i v e   u s e  of the c o n f i g u r a t i o n  
r e q u i r e s  a r a d i a l   c o m p o n e n t   o f   f l u x   d e n s i t y   a n d  a c i r c u m f e r e n t i a l   c o m p o n e n t  
of c u r r e n t   d e n s i t y   i n   t h e   f l u i d ,   w h i c h   p r o d u c e  a p r e s s u r e  r ise a l o n g   t h e  
z a x i s .  A c i r c u m f e r e n t i a l  component  of f l u x   d e n s i t y   a n d  a r ad ia l   componen t  
o f   c u r r e n t   d e n s i t y  a l s o  produce   such  a p r e s s u r e   r i s e ,   b u t   t h i s   c o m b i n a t i o n  
i s  n o t   r e a d i l y   a c h i e v e d .   T h i s   d u c t   s h a p e  i s  b e s t   s u i t e d  t o  low t o  modera te  
deve loped   p re s su re   and   modera t e  t o  h i g h   f l o w .  

2 .  T a n g e n t i a l   F l o w .   T h e   t a n g e n t i a l   f l o w   a n n u l a r   c o n f i g u r a t i o n   r e s u l t s  
when t h e   r e c t a n g u l a r   d u c t   i n   F i g u r e  2 i s  b e n t   a r o u n d   t h e  x a x i s  t o  form 
t h e   d u c t   s h a p e  a s  i l l u s t r a t e d   i n   F i g u r e  4 .  A r a d i a l   c o m p o n e n t   o f   f l u x  
d e n s i t y   a n d   a n   a x i a l   c o m p o n e n t   o f   c u r r e n t   d e n s i t y   i n   t h e   f l u i d   i n t e r a c t  
t o  produce  a p r e s s u r e  r ise  i n   t h e   f l u i d   p a s s i n g   t h r o u g h   t h e   d u c t .   I n  
r e a s o n a b l e   p r o p o r t i o n s ,   t h i s   d u c t   s h a p e  i s  b e s t   s u i t e d   f o r   m o d e r a t e   p r e s s u r e  
and   modera te   f low.  

3 .  Hel ica l  F l o w .   T h e   h e l i c a l   f l o w   a n n u l a r   d u c t   c o n f i g u r a t i o n  i s  
fo rmed   by   bend ing   t he   r ec t angu la r   duc t   i n   F igu re  2 a r o u n d   t h e  x a x i s  
i n t o  a h e l i x   w i t h   c l o s e l y   s p a c e d   t u r n s .   F i g u r e  5 i l l u s t r a t e s   s u c h  a 
d u c t .   A g a i n ,  a r a d i a l   c o m p o n e n t   o f   f l u x   d e n s i t y   a n d   a n   a x i a l   c o m p o n e n t  
o f   c u r r e n t   d e n s i t y   i n t e r a c t  t o  produce  a t a n g e n t i a l   f o r c e   o n   t h e   f l u i d .  
T h e   h e l i c a l   p a s s a g e s   d i r e c t   t h e   f l o w  so t h a t  i t  p r o c e e d s   a x i a l l y   a l o n g  
t h e   d u c t   t h r o u g h   t h e   h e l i c a l   p a s s a g e s .   T h i s   d u c t   s h a p e   a f f o r d s   g r e a t  
f r e e d o m   o f   d e s i g n   b e c a u s e   t h e   p i t c h   o f   t h e   h e l i x   a n d   t h e   n u m b e r  of 
p a r a l l e l   h e l i c a l   p a s s a g e s  may b e   v a r i e d   o v e r  a w i d e   r a n g e .   A l s o ,   h e l i c a l  
p a s s a g e s  may b e   u s e d   i n   c o n c e n t r i c   a n n u l i   w i t h   o n e  se t  o f   p a s s a g e s   h a v i n g  
a r i g h t   h a n d   t h r e a d   a n d   t h e   o t h e r ,  a l e f t  h a n d   t h r e a d .   I n   t h i s   a r r a n g e m e n t ,  
f l u i d   e n t r y   a n d   e x i t   a r e  a t  t h e  same end of t h e   d u c t   w i t h   o n e   a n n u l u s  
connec ted  t o  t h e   o t h e r  a t  t h e   o p p o s i t e   e n d .   T h e   h e l i c a l   f l o w   a n n u l a r   d u c t  
i s  b e s t   s u i t e d  t o  low f l o w ,   h i g h   p r e s s u r e   a p p l i c a t i o n s .  

c .  Disc .  Disc c o n f i g u r a t i o n s   a n a l o g o u s  t o  e a c h   o f   t h e   a n n u l a r   c o n f i g -  - 
u r a t i o n s   e x i s t   a n d  may a l s o   b e   g e n e r a t e d   f r o m   t h e   f l a t   d u c t  of r e c t a n g u l a r  
c ros s  s e c t i o n .  
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1. R a d i a l   F l o w .   T h e   r a d i a l   f l o w   d i s c   c o n f i g u r a t i o n  may b e   d e r i v e d  
f r o m   t h e   f l a t   c o n f i g u r a t i o n  by m a i n t a i n i n g   t h e  b dimension  of  one  end 
of t h e   f l a t   d u c t   w h i l e   e x p a n d i n g   t h e  b d imens ion  a t  t h e   o t h e r   e n d   i n  a 
c i r c l e  i n   t h e  x-z p l a n e   u n t i l  i t  closes on i t s e l f .  The d i s c  shown i n  
F i g u r e  6 i s  formed.  Flow i n   t h i s   c o n f i g u r a t i o n  i s  r a d i a l   w i t h   f l u i d   e n t r y  
and e x i t  a t  i n n e r   a n d   o u t e r   p e r i p h e r i e s ,   r e s p e c t i v e l y ,  or v i c e   v e r s a .   T h e  
f l u x   d e n s i t y  is  n o r m a l l y   i n   t h e  x a x i s .   T h e   u s u a l   a p p l i c a t i o n  of t h e  
e l e c t r o m a g n e t i c   p u m p i n g   p r i n c i p l e   w o u l d   u s e   c i r c u m f e r e n t i a l   c u r r e n t  
d e n s i t y   i n   t h e  y-z p l a n e .  In  t h e   c e n t r i f u g a l  EM pump,  however, t h e  
c u r r e n t   d e n s i t y   i n   t h e   f l u i d  i s  r a d i a l ,   i n t e r a c t i n g   w i t h  Bx t o  produce  
a c i r c u m f e r e n t i a l   b o d y  force  o n   t h e   f l u i d s .   T h e   f l u i d  i s  t h u s   a c c e l e r a t e d  
t o  a r e l a t i v e l y   h i g h   t a n g e n t i a l   s p e e d .  A p r e s s u r e  rise i s  developed  by 
c e n t r i f u g a l   f o r c e   b e t w e e n   t h e  " e y e "   o f   t h e   d u c t   a n d   t h e   o u t s i d e   d i a m e t e r .  
Us ing  a s u i t a b l e   d i f f u s e r  a t  t h e   o u t e r   p e r i p h e r y   o f   t h e   d u c t   p e r m i t s  
c o n v e r t i n g  some o f   t h e   v e l o c i t y   h e a d  of t h e   f l u i d  a t  t h e   p e r i p h e r y   i n t o  
s t a t i c  p r e s s u r e  as  i t  l e a v e s   t h e   d u c t .   T h i s   t y p e   d u c t  i s  b e s t   s u i t e d  t o  
l o w  p r e s s u r e   a n d  low t o  modera t e   f l ow.  

2 .  T a n g e n t i a l   F l o w .   T h e   t a n g e n t i a l   f l o w   d i s c   c o n f i g u r a t i o n   r e s u l t s  
when t h e   r e c t a n g u l a r   d u c t   i n   F i g u r e  2 i s  b e n t   a r o u n d   t h e  y a x i s  t o  form 
t h e   s h a p e   i l l u s t r a t e d   i n   F i g u r e  7 .  E x c e p t   f o r   t h e   p r o p o r t i o n s ,   t h i s   s h a p e  
i s  i d e n t i c a l  t o  t h e   t a n g e n t i a l   f l o w   a n n u l a r   d u c t .   I n   t h i s   a r r a n g e m e n t ,  a 
component  of f l u x   d e n s i t y   i n   t h e  y a x i s   a n d  a r a d i a l  component   of   current  
d e n s i t y   p r o d u c e  a p r e s s u r e  r ise  on f l u i d   p a s s i n g   p e r i p h e r a l l y   t h r o u g h   t h e  
d u c t .   T h i s   d u c t   s h a p e  i s  b e s t   s u i t e d  t o  modera t e   p re s su re   and   f l ow.  

3 .  S p i r a l   F l o w .   T h e   s p i r a l   f l o w   d i s c   c o n f i g u r a t i o n ,   a n a l o g o u s  t o  t h e  
h e l i c a l   f l o w   a n n u l a r   c o n f i g u r a t i o n ,  i s  p roduced   by   bend ing   t he   r ec t angu la r  
d u c t   i n   F i g u r e  2 i n  a s p i r a l   f o r m   a r o u n d   t h e  y a x i s .   F i g u r e  8 i l l u s t r a t e s  
t h i s   d u c t   s h a p e .   N o r m a l l y ,   t h i s   c o n f i g u r a t i o n  will b e   s u p p l i e d   w i t h   f l u x  
d e n s i t y   i n   t h e  y a x i s   a n d   r a d i a l   c u r r e n t   d e n s i t y  t o  produce  a c i r cumfe r -  
e n t i a l   f o r c e   o n   t h e   f l u i d   i n   t h e   s p i r a l   d u c t   p a s s a g e s .   T h i s   d u c t   h a s  some 
o f   t h e   d e s i g n   f l e x i b i l i t y   o f   t h e   h e l i c a l   f l o w   a n n u l a r   d u c t   a n d ,   s i m i l a r l y ,  
i s  b e s t   s u i t e d  t o  h i g h   p r e s s u r e   a n d  low f low.   The   bas i c   shape ,   however ,  
i s  n o t  a s  e f f i c i e n t  a p r e s s u r e   v e s s e l  as t h e   c y l i n d r i c a l   h e l i c a l   a n n u l a r  
s h a p e .  

3 .  Conduct ion  Pumps 

Conduct ion  pumps may b e   d e s i g n e d   i n c o r p o r a t i n g   a n y   o f   t h e   d u c t   c o n f i g -  
u r a t i o n s   d e s c r i b e d   i n   t h e   p r e c e d i n g   p a r a g r a p h s .  Most conduction  pumps, 
h o w e v e r ,   h a v e   b e e n   b u i l t   w i t h   f l a t   d u c t s  of a p p r o x i m a t e l y   r e c t a n g u l a r  
cross s e c t i o n   b e c a u s e   o f   t h e i r   s i m p l i c i t y   a n d   r e l a t i v e  ease o f   manufac tu re  
a n d   t h e i r   a d a p t a b i l i t y  t o  a wide   range  of p r e s s u r e   a n d   f l o w .   I n   t h e  
f o l l o w i n g   g e n e r a l   d i s c u s s i o n   o f   c o n d u c t i o n   p u m p s ,  a f l a t   d u c t  i s  used f o r  
i l l u s t r a t i o n .   U n l e s s   o t h e r w i s e   i n d i c a t e d ,   t h e  comments   and  conclusions 
app ly  t o  conduc t ion  pumps h a v i n g   a n y   d u c t   c o n f i g u r a t i o n ,   F i g u r e  9 
i l l u s t r a t e s  a conduc t ion  pump w i t h  a f l a t   d u c t .   T h e   c u r r e n t   d e n s i t y  
a n d   f l u x   d e n s i t y   i n   t h e   f l u i d  may b e   e i t h e r   d i r e c t  or a l t e r n a t i n g .  
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G e n e r a l l y ,   t h i s  i s  t r u e  f o r  a l l   c o n d u c t i o n  pumps .   Cons idera t ions   un ique  t o  
d i r e c t   c u r r e n t   a n d   a l t e r n a t i n g   c u r r e n t   c o n d u c t i o n  pumps w i l l  b e   d i s c u s s e d  
l a t e r   i n   t h i s   s e c t i o n .  

I f  I i s  t h a t   p a r t  of t h e   t o t a l   c u r r e n t   p a s s i n g   t h r o u g h   t h e   l i q u i d   u n d e r  
t h e  magnet  poles  and i f   t h e   f l u x   d e n s i t y  B i s  a s sumed   un i fo rm  ove r   t he  
r e g i o n   c o v e r e d   b y   t h e   p o l e s ,  i t  fol lows f rom  equat ion  1 t h a t   t h e   d e v e l o p e d  
p r e s s u r e  i s  given  by 

P = j B c = -  I B  
X Y  a 

4 

The  f low Q i s  g iven   by   equa t ion  3: 

Q = vab 3 

where v i s  t h e   v e l o c i t y   o f   t h e   l i q u i d  metal. I n   c o n v e n t i o n a l   e n g i n e e r i n g  
u n i t s ,  

p = - 8 85 (-) B (7) I p s i  
a lo3 10 

5 

Q = 3 . 1 2  vab gpm 6 

where B i s  i n   l i n e s / i n . 2 ,  I i s  i n   a m p e r e s ,  v i s  i n   f t / s e c ,   a n d  a 
and b are  i n   i n c h e s .   T h e   t o t a l   f l u x  0 , i n  l i n e s ,  i s  given  by 

Id = Bbc 7 

T h e   f l u x   d e n s i t y   i n   t h e   f l u i d  i s  l i m i t e d   b y   s a t u r a t i o n   o f   t h e   m a g n e t  
material t o   a p p r o x i m a t e l y  l o5  l i n e s / i n .  . ( I n   p r a c t i c e ,  much lower d e n s i t i e s  
a r e  used . )   The   va lue  of a i s  v a r i a b l e ,   b u t  i t  w i l l  seldom  be less t h a n  
1 /4  i nch .   Thus ,  i t  i s  a p p a r e n t   f r o m   e q u a t i o n  5 t h a t   c o n d u c t i o n  pumps w i t h  
f l a t   d u c t s   p r o d u c i n g   p r e s s u r e s   i n   t h e   o r d e r  of t e n s  of p s i   r e q u i r e   c u r r e n t s  
i n   t h e   f l u i d   i n   t h e  order of thousands   o f   amperes .  When f l o w s   i n   t h e   o r d e r  
o f   hundreds   o f  gpm are  r e q u i r e d ,   t h e   c u r r e n t   r e q u i r e d  is  t y p i c a l l y   t e n s  of 
thousands  of amperes  a t   v o l t a g e s  in t h e   o r d e r  of o n e   v o l t .  

2 

V a r i a t i o n s   i n   t h e   e l e m e n t a r y  f l a t  duc t   conducLlon  pump c o n f i g u r a t i o n  
are p o s s i b l e   a n d  may o f f e r   a d v a n t a g e s  f o r  c e r t a i n   a p p l i c a t i o n s .   F o r   e x a m p l e ,  
F i g u r e   1 0   i l l u s t r a t e s  t w o  f l a t   d u c t   c o n f i g u r a t i o n s   w h i c h   p e r m i t  a g r e a t e r   d e v e l o p e d  
p r e s s u r e   p e r   a m p e r e  of c u r r e n t   i n   t h e   f l u i d   t h a n   t h a t  of F i g  9 .  Assuming t h a t   t h e   d u c t  
s e c t i o n s   i n   t h e   c o n f i g u r a t i o n s  shown i n   F i g u r e s  9 ,  10a   and   10b   a r e  of e q u a l   s i z e ,  
f o r   e q u a l   f l u i d   c u r r e n t ,   f l u x   d e n s l t y ,   a n d   f l u i d   v e l o c i t y ,   t h e  two c o n f i g u r a -  
t i o n s   i n   F i g u r e  10 d e v e l o p  twice t h e   p r e s s u r e  a t  t h e  same f low as tha t  shown 
i n   F i g u r e  9 .  I n   F i g u r e  loa ,  the m.m.f .   requi red  t o  d e v e l o p  a g i v e n   f l u x   d e n s i t y  
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i n  t h e   f l u i d  i s  twice t h a t   r e q u i r e d   i n   F i g u r e s  9 and  lob, whereas the t o t a l  
f l u x   r e q u i r e d  i n  F i g u r e   1 0 b  i s  twice t h a t   r e q u i r e d   i n   F i g u r e s  9 and  loa .  The 
c o n f i g u r a t i o n  i n  F i g u r e  10a has the  a d d i t i o n a l   a d v a n t a g e  of a r m a t u r e   r e a c t i o n  
compensa t ion  which is d e s c r i b e d  below. 

Conduct ing  materials are g e n e r a l l y   u s e d   f o r   t h e   d u c t   s t r u c t u r e   w i t h  
t he  e l e c t r o d e s   s o l i d l y   c o n n e c t e d  t o  the d u c t   s i d e s .   T h e   v o l t a g e   a p p l i e d  
across t h e   f l u i d  pumped, t h e r e f o r e ,  i s  a l so  a p p l i e d  across t h e   d u c t  
s t r u c t u r e ;   t h e   r e s u l t i n g   d u c t  w a l l  c u r r e n t  i s  b o t h  a s o u r c e   o f   c o n s i d e r a b l e  
loss and a s i g n i f i c a n t   a d d i t i o n  t o  t h e   c u r r e n t   i n   t h e   f l u i d .   T h e   e l e c t r o d e s  
a n d   t h e i r   a t t a c h m e n t  t o  t h e   d u c t   s i d e s   c o n s t i t u t e  a d i f f i c u l t   m e c h a n i c a l  
d e s i g n   p r o b l e m  for conduct ion  pumps.   The  duct  wa l l s  m u s t   b e   k e p t   r e l a t i v e l y  
t h i n  t o  limit t h e   d u c t  wal l  l o s s ;   h e n c e ,   t h e   s e c t i o n s   a d j a c e n t  t o  t h e  
e l e c t r o d e s  are s u b j e c t e d  t o  t h e r m a l l y   i n d u c e d  stresses caused   by   t he  
d i f f e r e n t  rates o f   c h a n g e   i n   t e m p e r a t u r e   o f   t h e   t h i n   d u c t   s e c t i o n s   a n d  
t h e   h e a v y   e l e c t r o d e   s e c t i o n s   d u r i n g   c h a n g e s   i n   t e m p e r a t u r e   o f   t h e  pumped 
f l u i d .   F u r t h e r m o r e ,   t h e   o h m i c  losses i n   t h e   e l e c t r o d e s   t h e m s e l v e s  are o f t e n  
s u f f i c i e n t l y   g r e a t  t o  r e q u i r e   a u x i l i a r y   c o o l i n g   o f   t h e   e l e c t r o d e s .  

T h e   c u r r e n t   f l o w i n g   i n   t h e   f l u i d   a n d   t h e   d u c t  wal l s  p roduces   an  a i r  
gap   m.m.f .   ana logous  t o  t h e   a r m a t u r e   r e a c t i o n   o f   r o t a t i n g  e l e c t r i c  machinery .  
T h i s   d i s t o r t s   t h e   m . m . f .  across t h e   d u c t   a n d   t e n d s  t o  produce  a h i g h e r  
m . m  . f .  a t  t h e   i n l e t   t h a n  a t  t h e   o u t l e t   o f   t h e   d u c t .   D e c r e a s e d  pump e f f i c i e n c y  
a n d   h y d r a u l i c   o u t p u t   r e s u l t .  A s  i n   t h e  case o f   d c   r o t a t i n g   m a c h i n e r y ,   t h i s  
m . m . f .   d i s t o r t i o n  may b e   c o m p e n s a t e d   b y   r e t u r n i n g   t h e   c u r r e n t   p a s s i n g   t h r o u g h  
t h e   f l u i d   a n d   t h e   d u c t  walls th rough   t he   gap   be tween   t he   magne t i c  p o l e s  i n  
t h e   o p p o s i t e   d i r e c t i o n .   F i g u r e  11 i l l u s t r a t e s   t h i s   c o m p e n s a t i o n .   T h e  two- 
s t a g e  pump i l l u s t r a t e d   i n   F i g u r e  10a i s  s i m i l a r l y   c o m p e n s a t e d .  

A t  t h e   e n d s   o f   t h e   e l e c t r o d e s ,   c u r r e n t   t e n d s  t o  f r i n g e   u p s t r e a m   a n d  
downstream i n   t h e   f l u i d .   S i n c e   t h e   m a g n e t i c   f i e l d   b e y o n d   t h e   e n d s   o f   t h e  
m a g n e t i c   s t r u c t u r e  i s  weak,  l i t t l e  b a c k   e l e c t r o m o t i v e   f o r c e  i s  developed  
i n   t h i s   r e g i o n  so t h a t   t h e   f r i n g i n g   c u r r e n t  i s  g r e a t e r   r e l a t i v e  t o  t h e  t o t a l  
c u r r e n t  a t  h i g h   f l o w   v e l o c i t i e s   a n d   f l u x   d e n s i t i e s .   T h i s   f r i n g i n g   c u r r e n t  
c o n t r i b u t e s  l i t t l e  to  t h e   p r e s s u r e   d e v e l o p e d  by t h e  pump; r a t h e r ,  i t  i s  a 
s o u r c e   o f   a d d i t i o n a l  loss  and i t  a l s o  i n c r e a s e s   t h e   c u r r e n t   r e q u i r e d .  
F i g u r e  1 2  i l l u s t r a t e s   t h e   f r i n g i n g   c u r r e n t   d e n s i t y   f i e l d   i n   t h e   f l u i d  a t  
t h e   e n d s   o f  a conduc t ion  pump. 

F i g u r e   1 2 a   d e p i c t s   t h e   g e n e r a l   n a t u r e   o f   t h e   f r i n g i n g   c u r r e n t  when no 
i n s u l a t i n g   b a r r i e r  i s  u s e d ;   F i g u r e   1 2 b  shows how t h e   f i e l d  i s  m o d i f i e d   u s i n g  
o n e   i n s u l a t i n g   b a r r i e r .  I t  i s  a p p a r e n t   t h a t   t h e   e f f e c t s   o f   c u r r e n t   f r i n g i n g  
a t  t h e   d u c t   e n d s   o n  pump per formance  are s t r o n g l y   r e l a t e d  t o  t h e  r a t i o  of 
t h e   l e n g t h   o f   t h e  pump ( i n   t h e   f l o w   a x i s )  t o  t h e   w i d t h  of t h e   d u c t   ( i n   t h e  
c u r r e n t   a x i s )   a n d   t h a t   t h e s e   e f f e c t s  are less f o r   l a r g e   v a l u e s   o f   ( c / b ) ,  
I n s u l a t i n g   b a r r i e r s  may be   u sed  t o  r e d u c e   t h e   c u r r e n t   f r i n g i n g   e f f e c t s .  
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F i g u r e  13 i l l u s t r a t e d  the f l u x  f r i n g i n g  f i e l d .   T h e   e f f e c t s   o n  pump 
per formance  are s t r o n g l y  related t o  the r a t i o  of the l eng th  of the pump 
c, t o  the l e n g t h  of the nonmagnetic  gap, g ; i . e . ,  these e f f e c t s  are less 
f o r  large v a l u e s  of c/g. 

a .  DC Conduction  Pumps. When d i r e c t   c u r r e n t  i s  s u p p l i e d  t o  duc t   and  
f i e l d   c i r c u i t s   i n   F i g u r e  9 and 11, t h e s e  pumps  become  uncompensated  and 
c o m p e n s a t e d   d i r e c t   c u r r e n t   c o n d u c t i o n   p u m p s ,   r e s p e c t i v e l y .   T h e y  may b e  
e x c i t e d  by d i r e c t   c u r r e n t   i n   t h e   f i e l d   w i n d i n g s ,  as  i l l u s t r a t e d   i n   F i g u r e s  
9 and 11, or by  permanent ly   magnet ized   hard   magnet ic  mater ia l  u s e d   f o r  a l l  
or p a r t   o f   t h e   m a g n e t i c   s t r u c t u r e .   U s i n g   b o t h   d i r e c t   c u r r e n t   f i e l d   e x c i t a t i o n  
a n d   p e r m a n e n t   m a g n e t   e x c i t a t i o n   i n   t h e  same pump i s  p o s s i b l e ,   a l t h o u g h   t h i s  
i s  n o t  a common d e s i g n   a r r a n g e m e n t .  Direct c u r r e n t   e x c i t e d   c o n d u c t i o n  pumps 
may b e  ser ies  o r  s h u n t   e x c i t e d .   I n  ser ies  e x c i t e d   p u m p s ,   t h e   d u c t   c i r c u i t  
a n d   t h e   f i e l d   c i r c u i t  are c o n n e c t e d   i n  series so t h a t   t h e   f i e l d   w i n d i n g  
c o n s i s t s   o f  a f e w   t u r n s   o f   l a r g e   c o n d u c t o r s .   I n   s h u n t   e x c i t e d   p u m p s ,   t h e  
conduc to r  s i z e  and   number   o f   tu rns  may b e   a d j u s t e d   f o r   c o m p a t i b i l i t y   w i t h  
t h e   e x c i t a t i o n   p o w e r   s u p p l y .   S e r i e s   e x c i t a t i o n  i s  p a r t i c u l a r l y  well s u i t e d  
t o  pumps s u b j e c t  t o  h i g h   r a d i a t i o n  or h i g h   t e m p e r a t u r e   s i n c e   t h e   f i e l d  
v o l t a g e  i s  n o r m a l l y   v e r y  low. Thus ,  materials w h i c h   h a v e   r e l a t i v e l y  poor 
d i e l e c t r i c   p r o p e r t i e s   b u t   g o o d   r e s i s t a n c e  t o  r a d i a t i o n   a n d   h i g h   t e m p e r a t u r e  
may b e   u s e d   f o r   i n s u l a t i n g   t h e   f i e l d   w i n d i n g .  

A s  i n d i c a t e d   p r e v i o u s l y ,   t h e   f l u i d   c i r c u i t  of conduc t ion  pumps of  
u s e f u l   c a p a c i t y   n o r m a l l y   r e q u i r e d   v e r y   h i g h   c u r r e n t   a t   v e r y  low v o l t a g e ,  
t y p i c a l l y   t h o u s a n d s  of amperes a t  a f r a c t i o n   o f   o n e   v o l t .   S p e c i a l   p o w e r  
s u p p l y   e q u i p m e n t ,   t h e r e f o r e ,  i s  n e c e s s a r y .   C o n v e r s i o n   s c h e m e s   s t a r t i n g  
w i t h  e l e c t r i c a l ,   m e c h a n i c a l ,   a n d   t h e r m a l   p o w e r  are p o s s i b l e .   I n   t h e  more 
c o n v e n t i o n a l   p o w e r   c o n v e r s i o n   s c h e m e s ,   c u r r e n t  may be   supp l i ed   f rom  an  
a l t e r n a t i n g   c u r r e n t   s o u r c e   b y   r e c t l f i c a t i o n  or from a mechanical   power 
sou rce   by  a d c   g e n e r a t o r .  When r e c t i f i c a t i o n  i s  u s e d ,   t h e   v o l t a g e   d r o p  
i n   t h e   r e c t i f i e r s   a p p r o x i m a t e s   t h e   o u t p u t   v o l t a g e   r e q u i r e d   a n d ,   h e n c e ,  
t h e   e f f i c i e n c y  i s  poor .  Also,  many r e c t i f i e r  c e l l s  i n   p a r a l l e l  are r e q u i r e d  
t o  d e v e l o p   t h e   n e c e s s a r y   h i g h   v a l u e s   o f   c u r r e n t .   B e c a u s e  of t h e  poor 
e f f i c i e n c y   a s s o c i a t e d   w i t h   b r u s h   v o l t a g e   d r o p   a n d   t h e   v e r y   l a r g e   b r u s h  
c o n t a c t   a r e a   r e q u i r e d  €or conduc t ing   t housands   o f   amperes ,   u s ing   dc   gene r -  
a t o r s  of c o n v e n t i o n a l   d e s i g n   f o r   s u p p l y i n g   d c   c o n d u c t i o n  pumps i s  q u i t e  
i m p r a c t i c a l .   A l t h o u g h   a c y c l i c   ( h o m o p o l a r )   m a c h i n e s ,   u s i n g   l i q u i d  metal 
c o l l e c t o r s ,  are wel l  s u i t e d  f o r  s u p p l y i n g   s u c h   p u m p s ,   t h e y   a r e   n o t   d e v e l o p e d  
i n  small  s i z e s .  Direct c o n v e r s i o n   p r o c e s s e s ,   p a r t i c u l a r l y   t h e r m o e l e c t r i c  
a n d   t h e r m i o n i c ,  a re  a t t r a c t i v e   i n   t h a t   t h e i r   c h a r a c t e r i s t i c   o u t p u t   o f   h i g h  
c u r r e n t ,  low v o l t a g e  i s  a d m i r a b l y   s u i t e d  t o  d c   c o n d u c t i o n  pump r e q u i r e m e n t s .  
N e g a t i v e   f e a t u r e s  are  t e m p e r a t u r e   l i m i t a t i o n s ,   p o o r   e f f i c i e n c y ,   a n d   h i g h  
s p e c i f i c   w e i g h t .   A l t h o u g h   p r o b a b l y   u s e f u l  f o r  a u x i l i a r y   a p p l i c a t i o n s  o r  
i n   s m a l l e r   p o w e r   p l a n t s ,   t h e   t h e r m o e l e c t r o m a g n e t i c  pump, in   which  thermo- 
e l e c t r i c  e l e m e n t s  become a p a r t  of t h e  pump s t r u c t u r e ,  i s  noncompe t i t i ve  
f o r   t h e   a p p l i c a t i o n s   i n   t h i s   s t u d y .  
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T o   r e d u c e   t h e   o v e r - a l l  s ize  and   we igh t   o f  pump and  power  conversion 
e q u i p m e n t ,   s e v e r a l   c o n f i g u r a t i o n s   h a v e   b e e n   c o n c e i v e d   i n   w h i c h   b o t h   p o w e r  
conversion  and  pumping are accompl ished .  One o f   t h e  most p romis ing  of t h e s e  
i s  t h e   t h e r m o e l e c t r i c   h e a t   e x c h a n g e r  pump. Here, t h e r m o e l e c t r i c  materials 
a r e  u s e d   i n   t h e   h e a t   e x c h a n g e r   i n   s u c h  a manner t h a t  e l ec t r i c  power i s  
g e n e r a t e d  when h e a t   f l o w s   f r o m   t h e   f l u i d  a t  t h e   h i g h e r   t e m p e r a t u r e  t o  t h e  
f l u i d  a t  t h e  lower t e m p e r a t u r e .   T h e  e l ec t r i c  c u r r e n t   t h u s   a v a i l a b l e  
e x c i t e s   t h e  pump f i e l d   a n d   p a s s e s   t h r o u g h   e i t h e r   o n e  o r  b o t h   o f   t h e  

f l u i d s   i n v o l v e d  t o  p r o d u c e   p r e s s u r e   a n d   f l o w .  

b .  AC Conduction Pumps. When t h e  pump c o n f i g u r a t i o n s  shown i n   F i g u r e s  
9 ,  1 0 ,  and 11 are s u p p l i e d   w i t h   a l t e r n a t i n g   r a t h e r   t h a n   d i r e c t   c u r r e n t ,  
t h e y  become ac c o n d u c t i o n   p u m p s .   F o r   e f f e c t i v e   o p e r a t i o n ,   f l u x   d e n s i t y  
a n d   c u r r e n t   d e n s i t y   i n   t h e   f l u i d   m u s t   b e   i n   p h a s e .   T h e   p r e s s u r e   d e v e l o p e d  
i s  p r o p o r t i o n a l  t o  t h e   p r o d u c t   o f   f i e l d   s t r e n g t h   a n d   c u r r e n t   i n   t h e   f l u i d  
a n d ,   h e n c e ,  i s  a f u l l y   d i s p l a c e d   s i n u s o i d   g o i n g   f r o m  zero  t o  twice i t s  
a v e r a g e   v a l u e  a t  twice t h e   f r e q u e n c y   o f   t h e   p o w e r   s u p p l y .   A l t e r n a t i n g  
c u r r e n t   c o n d u c t i o n  pumps c a n n o t   b e   e x c i t e d  by permanent   magnets .   Al though 
t h e y  may b e   e i t h e r  series o r  s h u n t   e x c i t e d ,   t h e y  are  u s u a l l y  ser ies  
e x c i t e d  t o  i n s u r e   t h a t   f l u x   d e n s i t y   a n d   c u r r e n t   d e n s i t y   a r e   i n   p h a s e .  

The  phenomenon  of f i e l d   d i s t o r t i o n  by c u r r e n t   i n   t h e   f l u i d   a n d   d u c t  
wa l l s   i n   uncompensa ted  ac  conduc t ion  pumps i s  s imi l a r  t o  t h a t   i n   d c  
c o n d u c t i o n   p u m p s ,   e x c e p t   t h a t   t h e  time v a r i a t i o n   o f   t h e   m a g n e t i c   f i e l d  
i n t r o d u c e s   a n   a d d i t i o n a l  componen t   o f   i nduced   vo l t age   i n   t he   f l u id   and  
t h e   d u c t  w a l l s .  T h e   q u a l i t a t i v e   e f f e c t   o f   t h e  time v a r i a t i o n   o f   t h e   f i e l d  
may be  deduced a s  f o l l o w s .  

C o n s i d e r   t h e   c o n f i g u r a t i o n   i n   F i g u r e  9 .  T h e   s i n u s o i d a l   v a r i a t i o n   o f  
t h e   e x c i t i n g   f l u x   i n   t h e  y a x i s   i n d u c e s   v o l t a g e s   i n   d u c t  w a l l s  a n d   f l u i d  
t h a t   c a u s e   c i r c u l a t i n g   c u r r e n t s   ( e d d y   c u r r e n t s )  t o  f l o w   i n   t h e   x - z   p l a n e  
i n  a manner t o  o p p o s e   t h e   c h a n g e   o f   t h e   f l u x   i n   t h e  y a x i s .   I f   t h e  
e f f e c t  of t h e   m o t i o n   o f   t h e   f l u i d  i s  i g n o r e d ,   t h i s   s i t u a t i o n  i s  i d e n t i c a l  
t o  t h e   c l a s s i c a l   c u r r e n t   a n d   f l u x   d i s t r i b u t i o n   p r o b l e m   i n  a l amina t ion  of 
f i n i t e   l e n g t h .  A s  i n   t h e   l a m i n a t i o n   p r o b l e m ,   t h e   e d d y   c u r r e n t s   d i s t o r t  
t h e   f l u x   d e n s i t y   a n d   r e d u c e  i t s  va lue   eve rywhere   excep t  a t  t h e   e d g e s  of 
t h e   d u c t .   T h e   e d d y   c u r r e n t s   c o n t r i b u t e   n o t h i n g  t o  t h e  pump o u t p u t   b u t  
r a t h e r   c o n s t i t u t e   a n   a d d i t i o n a l  loss .  T h e   e f f e c t s   o f   t h e   e d d y   c u r r e n t s  are 
s t r o n g l y   d e p e n d e n t   u p o n   t h e  b and c d i m e n s i o n s   o f   t h e   d u c t   a n d   t h e  
f r e q u e n c y   o f   t h e   p o w e r   s u p p l y .   I n   a n y   e v e n t ,   c o n d u c t i o n   p u m p s ,   p e r  s e ,  c a n  
n e v e r   p e r f o r m  a s  e f f i c i e n t l y  when ope ra t ed   on  ac power as when ope ra t ed   on  
dc  power.  

A l t e r n a t i n g   c u r r e n t   c o n d u c t i o n  pumps   have   the   advantage ,   however ,   o f  eas ie r  
a d a p t a b i l i t y  t o  common p o w e r   s u p p l i e s ;  i . e . ,  t h e y   r e q u i r e   o n l y  a t r a n s f o r m e r  
t o  c o n v e r t  ac  p o w e r   f r o m   n o r m a l   u t i l i z a t i o n   v o l t a g e  t o  t h e  low v o l t a g e ,  
h igh   cu r ren t   power   necessa ry .   The   t r ans fo rmer   and  pump are  u s u a l l y   i n c o r -  
p o r a t e d   i n t o  a compac t   un i t   des igned  t o  min imize   we igh t .  
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4 .   I n d u c t i o n  Pumps 

I n  i n d u c t i o n   p u m p s ,   t h e   h i g h   d u c t   c u r r e n t s   d e m a n d e d  are i n d u c e d   w i t h i n  
t h e   d u c t  i t se l f  and f low i n  c l o s e d   l o o p s   c o n t a i n e d   w i t h i n   t h e   d u c t .   T h u s ,  
n e i t h e r   a n   e x t e r n a l   s o u r c e  of h i g h   c u r r e n t   n o r .   h e a v y   e l e c t r o d e   c o n n e c t i o n s  
t o  t h e   d u c t  are  n e c e s s a r y .   T h e s e  are s i g n i f i c a n t   a d v a n t a g e s ,   p e r m i t t i n g  
a s y m m e t r i c a l   d u c t   f r e e   o f   t h e  stress c o n c e n t r a t i o n s   c a u s e d   b y   t e m p e r a t u r e  

r e g i o n   i n   c o n d u c t i o n   p u m p s .  
g r a d i e n t s   a n d   p h y s i c a l   r e s t r a i n t s   a s s o c i a t e d   w i t h   t h e   e l e c t r o d e - d u c t  

I n d u c t i o n   p u m p s ,   h o w e v e r ,   h a v e   c e r t a i n   i n h e r e n t   d i s a d v a n t a g e s   a n d  
l i m i t a t i o n s .   S i n c e   t h e   c u r r e n t   i n   t h e   f l u i d   m u s t   b e   i n d u c e d   b y  a time 
r a t e  o f   c h a n g e   o f   m a g n e t i c   f l u x   i n   t h e   f l u i d ,  i t  i s  d i f f i c u l t  t o  p roduce  
compact pump d e s i g n s   f o r   l i q u i d  metals h a v i n g   h i g h  e l ec t r i ca l  r e s i s t i v i t y .  
A l s o ,   b e c a u s e   o f   e d d y   c u r r e n t  losses as  d i s c u s s e d   u n d e r  ac conduct ion  pumps,  
h igh   f r equency   power  i s  n o t   s u i t a b l e   f o r   i n d u c t i o n   p u m p s .   F u r t h e r m o r e ,   t h e  
o p t i m u m   f r e q u e n c y   d e c r e a s e s   w i t h   i n c r e a s i n g  pump c a p a c i t y .   I n d u c t i o n  pumps 
may b e   d e s i g n e d   f o r   e i t h e r   s i n g l e   p h a s e  o r  p o l y p h a s e   p o w e r   s u p p l i e s .  Most 
of t h e   i n d u c t i o n  pumps b u i l t  t o  d a t e   h a v e   b e e n   d e s i g n e d  f o r  polyphase   power .  

a .  S i n g l e   P h a s e   I n d u c t i o n  Pumps.  The c o n s i d e r a t i o n   o f  ac conduc t ion  
pumps i n   p a r t  A . 3 ,  t a c i t l y  assumed t h a t   t h e   d u c t   a n d   t h e   m a g n e t i c   s t r u c t u r e  
were symmet r i ca l ,  so  t h a t   t h e   e d d y   c u r r e n t   p a t t e r n   a n d   t h e   f l u x   d e n s i t y  
d i s t r i b u t i o n  were a l s o  s y m m e t r i c a l .   I f   t h e   f l u i d   v e l o c i t y  i s  assumed t o  
b e  z e r o ,  t h e   r e s u l t i n g   e d d y   c u r r e n t   a n d   f l u x   d e n s i t y   d i s t r i b u t i o n  are 
i l l u s t r a t e d   i n   F i g u r e  1 4 .  

I n   t h e  EM pump c o n f i g u r a t i o n s   e x a m i n e d  e a r l i e r ,  the   magni tude   and  
d i r e c t i o n   o f   t h e   f o r c e   o n   e a c h   e l e m e n t   o f   f l u i d  w a s  d e t e r m i n e d   f r o m   t h e  
p r o d u c t   o f   t h e   f l u x   d e n s i t y   a n d   c u r r e n t   d e n s i t y   i n   e a c h   e l e m e n t .   I n   t h e  
c o n f i g u r a t i o n   i n   F i g u r e  14 ,  i n   a d d i t i o n  t o  t h e   s p a c e   v a r i a t i o n   i n   b o t h  
f l u x   d e n s i t y   a n d   c u r r e n t   d e n s i t y  across t h e   d u c t ,   t h e   p h a s e   r e l a t i o n s h i p s  
a l so  v a r y  across t h e   d u c t .   A c c o r d i n g l y ,  a d i f f e r e n t   v i e w p o i n t  i s  d e s i r a b l e  
t o  p r o v i d e   i n s i g h t   i n t o   o p e r a t i o n   a n d  a g u i d e   i n   a p p r a i s i n g   t h e   u s e f u l n e s s  
o f   v a r i o u s   p o s s i b l e   p u m p i n g   c o n f i g u r a t i o n s .  

A s u i t a b l e   v i e w p o i n t ,   w h i c h   c a n   b e   d e v e l o p e d   f r o m   e n e r g y   c o n s i d e r a t i o n s ,  
may b e   s u m m a r i z e d   b y   t h e   s t a t e m e n t   t h a t   t h e  forces  e x e r t e d  w i l l  t e n d  t o  
m a x i m i z e   t h e   e f f e c t i v e   p e r m e a n c e   o f   t h e   s y s t e m .   T h a t  i s ,  m o t i o n   o f   t h e  
f l u i d  w i l l  t e n d  t o  m a x i m i z e   t h e   f l u x   p a s s i n g   b e t w e e n   t h e   p o l e s   i n   t h e  
p u m p i n g   c o n f i g u r a t i o n .   B e f o r e   t h i s   p r i n c i p l e   c a n   b e   a p p l i e d  t o  d e t e r m i n e  
t h e   d i r e c t i o n   o f   t h e   f o r c e s   i n   a n y   c o n f i g u r a t i o n ,   t h e   f l u x   d e n s i t y  
d i s t r i b u t i o n   m u s t   b e  known.  The f l u x   d e n s i t y   d i s t r i b u t i o n  may b e   a s c e r t a i n e d  
by a p p l y i n g   L e n z ’ s  l a w  which s t a t e s  t h a t   t h e   v o l t a g e   i n d u c e d   c a u s e s   c u r r e n t  
to flolv i n  a d i r e c t i o n   o p p o s i n g   t h e   c h a n g e  i n  t h e   m a g n e t i c   f l u x .  

T h u s ,   i n   t h e  EM pump c o n f i g u r a t i o n   i n   F i g u r e  1 4 ,  t h e  symmetry i s  s u c h   t h a t ,  
assuming zero f l u i d   v e l o c i t y ,   t h e   e d d y   c u r r e n t s   i n   t h e   f l u i d   a n d   t h e   d u c t   f l o w  
i n   c l o s e d   p a t h s   i n   t h e   g e n e r a l   p a t t e r n   i l l u s t r a t e d .  Now, i f  a l l  f l u i d  a n d   d u c t  
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e l e m e n t s   c o u l d  move toward t h e  l o w  f l u x   d e n s i t y   r e g i o n ,   t h e   h i g h   f l u x  
d e n s i t y   r e g i o n   w o u l d  become l a r g e r   a n d  the t o t a l  f l u x   w o u l d   i n c r e a s e .  
A c c o r d i n g l y ,   t h e   f o r c e s  are toward   t he   cen te r .   The   symmet ry  i s  s u c h   t h a t  
t h e   n e t   f o r c e   i n   a n y   d i r e c t i o n   w o u l d   b e  zero. 

I f ,  a s  i l l u s t r a t e d   i n   F i g u r e  15, v e r y  low resistance b a r s  are a t t a c h e d  
t o  o n e   e n d   o f   t h e   d u c t   s t r u c t u r e ,   t h e   s y m m e t r y  i s  d e s t r o y e d , a n d   f l u i d  
( a n d   d u c t )   c u r r e n t s   f l o w   i n   t h e   p a t h s   i n d i c a t e d .   T h e  m.m.f.  caused  by 
t h e s e   e d d y   c u r r e n t s   o p p o s e s  the exc i t i ng   m .m. f .   and  distorts t h e   f l u x  
d e n s i t y  so t h a t   t h e  maximum o c c u r s  a t  t h e   t o p   o f   t h e   d u c t   i n   F i g u r e  15. 
C u r r e n t   c a r r y i n g   f l u i d   a n d   d u c t   e l e m e n t s   t e n d  t o  move toward t h e   r e g i o n  
of  lower f l u x   d e n s i t y   a n d ,   h e n c e ,   t h e   f o r c e  i s  d i r e c t e d   t o w a r d   t h e   e n d  
o f   t h e  pump where   t he  l o w  r e s i s t a n c e   b a r  is a t t a c h e d .  

F i g u r e  16  i s  a n   a n n u l a r   v e r s i o n   o f   t h e  pump i l l u s t r a t e d   i n   F i g u r e  15. 
The   duc t  i s  a n   a n n u l u s   a n d   t h e   e x c i t i n g  c o i l  is a t o r o i d .  The pump is 
s y m m e t r i c a l   a r o u n d   t h e   a x i a l   c e n t e r   l i n e .   T h e   m a g n e t i c   s t r u c t u r e  i s  
l a m i n a t e d ,   a n d   t h e  major d i m e n s i o n s   o f   t h e   l a m i n a t i o n s ,   i d e a l l y ,  a t  l eas t ,  
l i e  i n   p l a n e s   w h i c h   c o n t a i n   t h e   a x i a l   c e n t e r   l i n e   o f   t h e  pump. The 
symmetry i s  s u c h   t h a t   t h e   i n d u c e d   c u r r e n t s   i n   t h e   f l u i d   a n d   t h e   d u c t  
f l o w   i n   c l o s e d  c i rc les  a b o u t   t h e   c e n t e r   l i n e .   T h e   m . m . f .   p r o d u c e d  by 
t h e s e   c u r r e n t s   o p p o s e s   t h e   e x c i t i n g   m . m . f .   a n d ,   t h e r e f o r e ,   f l u x   d e n s i t y  
i n   t h e   f l u i d   c o n c e n t r a t e s  a t  t h e   l e f t   s i d e   o f   t h e   d u c t   i n   F i g u r e  16.  
T h e   c u r r e n t   c a r r y i n g   f l u i d   a n d   d u c t   e l e m e n t s   t h e n   t e n d  t o  move toward 
t h e   r e g i o n   o f  lower f l u x   d e n s i t y   a n d ,   h e n c e   t h e   f l u i d  i s  pumped t o   t h e  
r i g h t .  

A n o t h e r   v e r s i o n   o f   t h e   a n n u l a r   d u c t ,   s i n g l e   p h a s e ,  ac i n d u c t i o n  pump 
i s  shown i n   F i g u r e   1 7 .   T h e   p r i n c i p l e   o f   o p e r a t i o n   a n d   t h e   g e n e r a l   f l u x  
a n d   c u r r e n t   r e l a t i o n s h i p s   f o r   t h i s  pump are t h e  same as t h o s e   f o r   t h e  pump 
i n   F i g u r e  1 6 .  I t  r e q u i r e s  more   "magnet iz ing   cur ren t"   and  i s  less e f f i c i e n t  
i n   b o t h   p o w e r   a n d   s p a c e   u t i l i z a t i o n   b u t   h a s  a s i m p l e r   a n d   p o s s i b l y   l i g h t e r  
m a g n e t i c   s t r u c t u r e .   O t h e r   v a r i a t i o n s   o f   t h e   c o n f i g u r a t i o n s   i l l u s t r a t e d  
u t i l i z e  a s e c o n d   e x c i t i n g   c o i l   l o c a t e d  a t  t h e   e n d   o f   t h e   d u c t   o p p o s i t e   t h e  
c o i l  i l l u s t r a t e d .   P e r f o r m a n c e  i s  similar t o   t h o s e   o f   t h e   c o n f i g u r a t i o n s  
shown i n   F i g u r e s  16 and 17. 

A n n u l a r   d u c t ,   s i n g l e   p h a s e ,   i n d u c t i o n  pumps have  many a t t r a c t i v e   f e a t u r e s .  
T h e   e x c i t i n g   c o i l s  are c o m p a c t   a n d   r e l a t i v e l y   e a s y  t o  f o r m ,   i n s u l a t e ,   a n d  
cool .  The   duc t  i s  symmetr ica l   and ,   hence ,  i s  r e l a t i v e l y   f r e e   o f  stress 
c o n c e n t r a t i o n s .   T h e   d e v e l o p e d   p r e s s u r e  i s  pu l sa t ing ,   however ,   w i th   an  ac 
component   of   the  order o f   t he   ave rage   componen t   ( c f .  ac conduct ion  pumps) .  
T h e r e  are f e w   r e f e r e n c e s  t o  s i n g l e   p h a s e   i n d u c t i o n  pumps i n   t h e   l i t e r a t u r e  
( R e f .   1 5 ) .   T h e   a n a l y s i s  is complex. A c o m p r e h e n s i v e   a n a l y s i s   o f   s i n g l e  
p h a s e   i n d u c t i o n  pumps i s  p r e s e n t e d  l a te r  i n   t h i s   r e p o r t .  Here, a l i m i t i n g  
case a n a l y s i s   o f   d e v e l o p e d   p r e s s u r e  i s  made ,   assuming  zero   f low  and   neglec t ing  
d u c t  wall c u r r e n t .  

T h e   c u r r e n t  I f  i n   t h e   f l u i d   a n n u l u s ,   t h e   r a d i a l   f l u x   d e n s i t y  B i n   t h e  
nonmagnetic  gap a t  t h e   p o i n t   m a r k e d  1 i n   F i g u r e  16 a n d   t h e   r a d i a l   l e n g t h  g 
of the   nonmagnet ic   gap  are r e l a t e d   b y   t h e   f o l l o w i n g   e x p r e s s i o n :  
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where CI is  t h e   m a g n e t i c   p e r m e a b i l i t y   o f   t h e   n o n m a g n e t i c   g a p .  
A s s u m i n g   t h a t   p o w e r   s u p p l y   f r e q u e n c y ,   f l u i d   r e s i s t i v i t y ,   a n d   a n n u l u s  
l e n g t h  are s u c h   t h a t   t h e   f l u x   p a s s i n g   t h r o u g h   t h e  pump c o r e   a t   p o i n t  
2 a p p r o a c h e s   z e r o ,   t h e   f l u x   d e n s i t y   i n   t h e   n o n m a g n e t i c   g a p   a t   p o i n t  
3 a l so   approaches   ze ro .   Then ,   t he   p re s su re   deve loped   becomes  

where B i s  i n   l i n e s   p e r   s q u a r e   i n c h ,  p i s  t h e   p e r m e a b i l i t y   o f   f r e e  
space  and g  and t are t h e   i n d i c a t e d   d i s t a n c e s   i n   i n c h e s  

9 

10 

From a l i m i t i n g   c o n d i t i o n   s t a n d p o i n t ,   t h e   e f f e c t i v e   v a l u e   o f   f l u x   d e n s i t y  
i n   m a g n e t i c  steel may approach  80,000 t o  90,000 l i n e s / i n .   a n d ,   h e n c e ,  
t h i s   t y p e  pump i s  c a p a b l e   i d e a l l y  of p r e s s u r e s   e x c e e d i n g   1 0 0   p s i .  

b .  P o l y p h a s e   I n d u c t i o n  Pumps. P o l y p h a s e   i n d u c t i o n  pumps a r e   e x c i t e d  by 
p o l y p h a s e   a l t e r n a t i n g   c u r r e n t   s u p p l i e d   t o   s t a t i c   w i n d i n g s   d i s t r i b u t e d   o n  
one  or b o t h   s i d e s   o f  a pump duc t   and   supp l i ed   w i th   power   i n  a  manner 
p roduc ing  a s i n u s o i d a l l y   d i s t r i b u t e d   m . m . f .   a c r o s s   t h e  pump d u c t .   T h i s  
m.m.f.  wave t r a v e l s   a l o n g   t h e  pump d u c t   a n d   i n d u c e s   v o l t a g e s   i n   t h e   f l u i d  
a n d   d u c t   w a l l s .   T h e   r e s u l t i n g   c u r r e n t s   i n   t h e   f l u i d   i n t e r a c t   w i t h   t h e  
t r a v e l i n g   m a g n e t i c   f i e l d   t o   p r o d u c e   f o r c e  on t h e   f l u i d   i n   t h e   d i r e c t i o n  
of   mot ion  of t h e   f i e l d .   T h e   p r i n c i p l e  of o p e r a t i o n  i s  i d e n t i c a l   t o   t h a t  
of t h e   p o l y p h a s e   i n d u c t i o n   m o t o r ,   w h i c h  i s  u s e d   w i d e l y   i n   i n d u s t r y  a.nd 
u t i l i t i e s   f o r   m o t o r   a p p l i c a t i o n s   i n   t h e  1 t o   1 , 0 0 0   h p   r a n g e .   T h e   p o l y -  
phase   i nduc t ion   mo to r  owes i t s  f a v o r a b l e   a c c e p t a n c e   a n d   e x t e n s i v e   u s a g e  
p r i m a r i l y   t o   t h e   s i m p l i c i t y   o f  i t s  r o t o r   a n d   t h e   a b s e n c e   o f   e l e c t r i c a l  
c o n n e c t i o n s   t o   t h e   r o t o r .   S i m i l a r l y ,   t h e   a t t r a c t i v e n e s s   o f   t h e   p o l y p h a s e  
i n d u c t i o n  EM pump i s  due t o   d u c t   s i m p l i c i t y ,   t h e   a b s e n c e   o f   e l e c t r i c a l  
c o n n e c t i o n s   t o   t h e   d u c t ,   a n d  i t s  a d a p t a b i l i t y   t o   w i d e l y   a v a i l a b l e  power 
s o u r c e s .  

P o l y p h a s e   i n d u c t i o n  pumps may be b u i l t   u s i n g   a n y   o f   t h e   b a s i c   d u c t  
c o n f i g u r a t i o n s   d e s c r i b e d   e a r l i e r .   F l a t   d u c t  pumps g e n e r a l l y   h a v e   b e e n  
p r e f e r r e d   f o r   h i g h   f l o w   a p p l i c a t i o n s   a n d   h a v e   r e c e i v e d   c o n s i d e r a b l e  
d e v e l o p m e n t   e f f o r t   h e r e   a n d   a b r o a d .   H e l i c a l   f l o w   a n n u l a r  pumps g e n e r a l l y  
h a v e   b e e n   p r e f e r r e d   f o r  low f l o w   a p p l i c a t i o n s   a n d   h a v e   o p e r a t e d   q u i t e  
s a t i s f a c t o r i l y   i n   v a r i o u s   a p p l i c a t i o n s .  

1. F l a t   L i n e a r .  Two views  of  a f l a t   l i n e a r   i n d u c t i o n  pump i n  
F i g u r e  18 i l l u s t r a t e   t h i s   b a s i c   a r r a n g e m e n t .  D i s t r i b u t e d  w i n d i n g s   a r e  
a r r a n g e d   i n   t h e   s l o t s   a n d   s u p p l i e d   w i t h   p o l y p h a . s e   p o w e r ,   p r o d u c i n g  a 
s i n u s o i d a l l y   d i s t r i b u t e d   t r a v e l i n g   m . m . f .  wave t h a t  moves l i n e a r l y   a t  
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a v e l o c i t y   d e p e n d e n t   u p o n   t h e   p o l e   p i t c h   o f   t h e   w i n d i n g s   a n d   t h e   f r e q u e n c y  
of t h e   p o w e r   s u p p l y .   T h e   d u c t ,   r e c t a n g u l a r   i n  cross s e c t i o n ,  is l o c a t e d  
i n   t h e   m a g n e t i c   f i e l d   b e t w e e n   t h e  t w o  s ta tors .  N o r m a l l y   t h e   l e n g t h   o f   t h e  
pump is s e v e r a l   p o l e   p i t c h e s .  

F i g u r e  19 i l l u s t r a t e s   t h e   r e l a t i o n s h i p   b e t w e e n   t h e   m a g n e t i c   f i e l d   a n d  
t h e   c u r r e n t   d e n s i t y   i n   t h e   f l u i d .   F l u x   d e n s i t y   a n d   c u r r e n t   d e n s i t y  are 
s i n u s o i d a l l y   d i s t r i b u t e d   a n d  are i n   p h a s e ,   t h e   c o n d i t i o n   r e q u i r e d   f o r  
maximum d e v e l o p e d   p r e s s u r e .  Pump o u t p u t   p r e s s u r e  is e s s e n t i a l l y   c o n s t a n t ,  
f r e e   f r o m   t h e  twice p o w e r   f r e q u e n c y   p u l s a t i o n   c h a r a c t e r i s t i c   o f  ac 
conduc t ion  pumps a n d   s i n g l e   p h a s e  ac i n d u c t i o n  pumps. 

B e c a u s e   o f   s i d e   a n d   e n d   e f f e c t s ,   t h e   f l a t   l i n e a r   i n d u c t i o n  EM pump i s  
s u b j e c t  t o  a r e d u c t i o n   i n   o u t p u t .   T h e   c u r r e n t   l o o p s  shown a t  b o t h   s i d e s  
o f   t h e   c o n d u c t i n g   f l u i d   s h e e t   i n   F i g u r e  19 i l l u s t r a t e   t h e   s i d e   e f f e c t s .  
A v o l t a g e   d r o p   o c c u r s   i n   t h e s e   l o o p s ,   r e d u c i n g   t h e  x component   o f   cur ren t  
d e n s i t y   i n   t h e   f l u i d   s h e e t   a n d ,   t h e r e b y ,   t h e   d e v e l o p e d   p r e s s u r e .  I t  i s  
a p p a r e n t   t h a t   t h e   m a g n i t u d e   o f   t h e   p r e s s u r e   r e d u c t i o n   c a u s e d  by s i d e   e f f e c t s  
i s  r e l a t e d   t o   t h e   r a t i o   o f   t h e   w i d t h   o f   t h e  pump d u c t  b t o  t h e   p o l e   p i t c h  

. The 
t r a v e l i n g  
t i n u i t i e s  
h e n c e ,   t o  
number  of 

e n d   e f f e c t s  are caused  by d i s c o n t i n u i t i e s   i n   p e r m e a n c e   a n d   i n   t h e  
wave   of   exc i t ing   m.m.f .  a t  each   end   o f   t he  pump. These   d i scon-  
l e a d  t o  i n e f f e c t i v e   u t i l i z a t i o n   o f   t h e   e n d   p o l e s   p a r t i c u l a r l y   a n d ,  
r e d u c e d   o u t p u t   a n d   e f f i c i e n c y .   T h i s   e f f e c t  i s  r e l a t e d  t o  t h e  
p o l e s   e m p l o y e d   a n d   t h e   w i n d i n g   a r r a n g e m e n t   i n   t h e   e n d   p o l e s .  

2 .  A n n u l a r   L i n e a r .   T h e   p o l y p h a s e   i n d u c t i o n  pump u s i n g   a n   a x i a l   f l o w  
a n n u l a r   d u c t   c o n f i g u r a t i o n  i s  u s u a l l y   c a l l e d   t h e   a n n u l a r   l i n e a r   i n d u c t i o n  
pump. I t  i s  i l l u s t r a t e d   i n   F i g u r e  2 0 .  T h e   w i n d i n g s   c o n s i s t   o f   t o r o i d a l  
c o i l s  whose  axes are c o n c e n t r i c   w i t h   t h e   a x i s   o f   t h e   a n n u l a r   d u c t .  A s  i n  
t h e   f l a t   l i n e a r   i n d u c t i o n  pump, when t h e   w i n d i n g s  are p r o p e r l y   e n e r g i z e d ,  
a t r a v e l i n g  wave   o f   m .m. f .   moves   l i nea r ly   a long   t he   ax i s   o f   t he  pump. The 
e f f e c t i v e   c o m p o n e n t  of t h e   f l u x   d e n s i t y   i n   t h e   a n n u l a r   d u c t  i s  r a d i a l .  
The  magnet ic  s t e e l  i n   b o t h  s t a to r  and core s h o u l d   h a v e   t h e   p r i n c i p a l   p l a n e s  
of t h e   l a m i n a t i o n s   i n   r a d i a l   p l a n e s   p a s s i n g   t h r o u g h   t h e   a x i s   o f   t h e  pump. 
B e c a u s e   o f   t h e   i n a c c e s s i b i l i t y   o f   t h e  core ,  wind ings  are n o r m a l l y   l o c a t e d  
i n   t h e  s t a t o r  ( o u t s i d e   t h e   a n n u l a r   d u c t )   o n l y .  

The a n n u l a r  pump i s  i d e n t i c a l ,   i n   p r i n c i p l e ,  t o  t h e   f l a t  pump.  The 
r anges  of a p p l i c a t i o n   o f   t h e  two  pumps are similar;  b o t h  are best s u i t e d  
t o   m o d e r a t e   a n d   h i g h   f l o w ,   l o w   p r e s s u r e   a p p l i c a t i o n s .   T h e   a n n u l a r  pump i s  
n o t   s u b j e c t   t o   t h e   s i d e   e f f e c t s   p r e s e n t   i n   f l a t   p u m p s ,   s i n c e   t h e   c i r c u m -  
f e r e n t i a l   c o m p o n e n t   o f   c u r r e n t   d e n s i t y  i s  c o n t i n u o u s   i n   t h e   f l u i d   i n   t h e  
a n n u l u s .   T h e   e n d   e f f e c t s ,   h o w e v e r ,  are similar, a l t h o u g h   a n n u l a r   d e s i g n s  may 
p e r m i t   g r e a t e r   f r e e d o m  t o  c o n t r o l   t h e   f i e l d   i n   t h e   e n d   p o l e s  by u s i n g   s p e c i a l  
c o i l s  . 

3 .  Helical P o l y p h a s e .   F i g u r e   2 1   i l l u s t r a t e s  the b a s i c  he l ica l  
i n d u c t i o n  EM pump c o n f i g u r a t i o n .  T h e   f l o w   p a s s a g e s   c o n s i s t   o f   d n e  or more 
h e l i c a l   p a s s a g e s   w i t h i n  the a n n u l a r   d u c t .   T h e  s t a to r  i s  i d e n t i c a l   i n  
p r i n c i p l e   a n d   a r r a n g e m e n t  t o  the s ta tor  of a po lyphase   i i l duc t ion ,  or 
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synchronous ,  motor. When p o l y p h a s e   a l t e r n a t i n g   v o l t a g e  is s u p p l i e d  t o  
t h e   d i s t r i b u t e d   w i n d i n g s ,  a r o t a t i n g  m.m.f.  wave is e s t a b l i s h e d   r a d i a l l y  
across the d u c t .   T h e   c e n t r a l   m a g n e t i c  core s e r v e s  as a low r e l u c t a n c e  
f l u x   p a t h   f o r   t r a n s m i t t i n g   t h e  a i r  g a p   f l u x   b e t w e e n   p o l e s .   T h e   r o t a t i n g  
m a g n e t i c   f i e l d   i n d u c e s  ax ia l  v o l t a g e s   i n   t h e   f l u i d   a n d  the d u c t  walls,  
a n d   t h e   r e s u l t i n g   a x i a l   c u r r e n t s   i n   t h e   f l u i d   i n t e r a c t   w i t h   t h e   f i e l d  
t o  produce  a t a n g e n t i a l   f o r c e   o n   t h e   f l u i d .   T h e   l e n g t h   o f   p a t h   o v e r  
w h i c h   p r e s s u r e  is  d e v e l o p e d   i n   t h e   f l u i d  i s  t h e   d e v e l o p e d   l e n g t h   o f  a 
h e l i c a l   p a s s a g e .  

Many v a r i a t i o n s   i n   t h e   d u c t   a r r a n g e m e n t   i l l u s t r a t e d   i n   F i g u r e   2 1   h a v e  
b e e n   d e v e l o p e d   r e c e n t l y .   I n   F i g u r e   2 2  a ,  two c o n c e n t r i c   h e l i c a l   d u c t s  
are shown.  Obviously more c o n c e n t r i c   p a s s e s  may b e   u s e d   i f   d e s i r e d .   I n  
F igu re   22   b ,  a c e n t r a l   f l u i d   r e t u r n  i s  shown i n s i d e   t h e  pump core. Both  
t h e s e   v a r i a t i o n s   i n   a r r a n g e m e n t   p e r m i t   s u c t i o n   a n d   d i s c h a r g e  t o  be  immedi- 
a t e l y   a d j a c e n t  a t  o n e   e n d   o f   t h e  pump. T h i s  i s  q u i t e   a d v a n t a g e o u s   c o n s i d -  
e r i n g  ease of   assembly  and  f reedom  from stresses a r i s i n g   f r o m   p i p e   r e a c t i o n s ,  
t h e r m a l   t r a n s i e n t s ,  e t c .  For e x t r e m e l y   h i g h   t e m p e r a t u r e   a p p l i c a t i o n s ,   t h e  
magne t i c  core may b e   o m i t e d   f r o m   t h e s e   c o n f i g u r a t i o n s .   T h e   r e s u l t i n g  
c o n s t r u c t i o n  i s  e x c e p t i o n a l l y   r u g g e d   a n d   r e l i a b l e ,   b u t   p e r f o r m a n c e  i s  
a d v e r s e l y   a f f e c t e d   b o t h   i n  pump e f f i c i e n c y   a n d   w e i g h t .  

A l t h o u g h   t h e   h e l i c a l   i n d u c t i o n  pump e x p e r i e n c e s  a loss i n   o u t p u t  
b e c a u s e   o f   s i d e   e f f e c t s  s imilar  t o  t h o s e   d e s c r i b e d  for f l a t  pumps, i t  has  
n o   e n d   e f f e c t s   a n a l o g o u s  t o  t h o s e   o f   f l a t   a n d   a n n u l a r  pumps.  The a x i a l  
c o m p o n e n t   o f   f l u i d   v e l o c i t y ,   h o w e v e r ,   r e s u l t s   i n   a d d i t i o n a l  loss and  
r e d u c t i o n   i n   o u t p u t .   T h i s   e f f e c t ,   i n s i g n i f i c a n t   i n  pumps hav ing  a small 
h e l i x   a n g l e ,  becomes l i m i t i n g  when l a r g e   a n g l e s   ( n e a r  45O) are  u s e d .  

T h e   f o r e g o i n g   s t a t e m e n t s   a s s u m e   t h a t   t h e  s ta tor  slots a re  a x i a l .  Some 
improvement i n   p e r f o r m a n c e  may be   ach ieved  b y   s k e w i n g   t h e   s l o t s .   I n   t h e  
optimum r e l a t i o n s h i p ,   t h e   s k e w e d  s lo t s  a re  p e r p e n d i c u l a r  t o  t h e   h e l i c a l  
f l ow  pas sages .  I t  i s  a l s o   p o s s i b l e   t o   a c h i e v e  pumping i n  a h e l i c a l   i n d u c t i o n  
pump c o n f i g u r a t i o n   w i t h   s k e w e d  slots a n d   a n   a n n u l a r   d u c t   w i t h o u t   h e l i c a l   f l o w  
p a s s a g e   s e p a r a t o r s .   S u c h   a n   a r r a n g e m e n t  is  e l e c t r o m a g n e t i c a l l y   a n d   h y d r a u l i c a l l y  
i n f e r i o r  t o  d e s i g n s   w i t h   h e l i c a l   f l o w   p a s s a g e   s e p a r a t o r s ,   b u t   t h e   d u c t  
c o n s t r u c t i o n  i s  s i m p l e r   a n d   b e t t e r   a d a p t e d   f o r   u s e   w i t h   n o n m e t a l l i c   d u c t  materials.  

4 .  S p i r a l   P o l y p h a s e .   F i g u r e  23 i l l u s t r a t e s   t h e   s p i r a l   i n d u c t i o n  pump 
c o n f i g u r a t i o n .   T h e  pumped f l u i d   p a s s e s   t h r o u g h   t h e   d u c t   t h r o u g h   o n e  or more 
i n v o l u t e   p a s s a g e s   w h i c h  l i e  i n  a p l a n e .  The d u c t  l i e s  i n  the a x i a l  a i r  gap, 
which is  e x c i t e d  by s t a t o r s   o n   e i t h e r   s i d e   o f   t h e   d u c t .  T h e   p o l y p h a s e   s t a t o r  
windings  a re  d i s t r i b u t e d   w i t h   t h e   i n d i v i d u a l  c o i l  s i d e s   l y i n g   i n  slots, which 
may b e   r a d i a l  or may s p i r a l   o u t w a r d   f r o m   t h e  s t a t o r  i n s i d e   d i a m e t e r  t o  t h e  
s t a t o r   o u t s i d e   d i a m e t e r .   F l u i d   s u c t i o n  i s  norma l ly  a t  t h e   i n s i d e   d i a m e t e r  
o f   t h e   d u c t ;   t h e   d i s c h a r g e ,  a t  t h e   o u t s i d e   d i a m e t e r .   S t a t o r   l a m i n a t i o n s  are  
o r i e n t e d   i n   s u c h  a manner   t ha t  a r a d i a l   l i n e  is  p e r p e n d i c u l a r  t o  t h e   p r i n c i p a l  
s u r f a c e   o f   t h e   l a m i n a t i o n s .  
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L i k e  i t s  he l ica l  c o u n t e r p a r t ,  the  s p i r a l   i n d u c t i o n  EM pump i s  best 
s u i t e d  t o  r e l a t i v e l y  l o w  f low  and  moderate t o  h i g h   p r e s s u r e   a p p l i c a t i o n s .  
E l e c t r o m a g n e t i c a l l y ,  i t  has a n   a d v a n t a g e   o v e r   t h e   h e l i c a l  pump because  
i t s  d e s i g n   p e r m i t s   s y m m e t r i c a l  stators o n   b o t h  sides o f   t h e   f l u i d   d u c t .  
T h i s   l e a d s  t o  lower l e a k a g e  reactance o f  t he  wind ings   and ,   hence ,  a 
t endency  t o  be t te r  p o w e r   f a c t o r .   I n  most other  comparisons,   however ,  
i t  i s  i n f e r i o r  t o  t h e   h e l i c a l  pump. I f   t h e  a i r  gap  i s  c o n s t a n t ,  i t  
u t i l i z e s   m a g n e t i c  material p o o r l y  since, w i t h   u n i f o r m  s lo t s ,  f l u x  
d e n s i t i e s  i n  t h e  s ta tor  t e e t h  w i l l  be much lower a t  t h e   o u t s i d e   d i a m e t e r  
t h a n  a t  t h e   i n s i d e   d i a m e t e r .   T h u s ,   e f f i c i e n t   u t i l i z a t i o n   o f  material 
l e a d s  t o  an  a i r  g a p   t h a t   v a r i e s   i n v e r s e l y   ( a p p r o x i m a t e l y )   w i t h   r a d i u s .  
T h e   l i n e a r   v e l o c i t y   o f   t h e   r e v o l v i n g   f i e l d   o b v i o u s l y  i s  g r e a t e r  a t  the  
o u t s i d e   d i a m e t e r   t h a n  a t  t h e   i n s i d e   d i a m e t e r .  I t  i s  d e s i r a b l e ,   t h e r e f o r e ,  
t h a t  t h e  l i n e a r   v e l o c i t y   o f   t h e   f l u i d   b e  greater a t  t h e   o u t s i d e   d i a m e t e r  
t h a n  a t  t h e   i n s i d e   d i a m e t e r  t o  maintain t h e  optimum s l i p   t h r o u g h o u t   t h e  
pump. With a c o n s t a n t   r a d i a l   p a s s a g e   w i d t h ,   c o n s t a n t   s l i p  w i l l  b e  
approximated  i f   t h e   a x i a l   d i m e n s i o n   o f   t h e   d u c t   v a r i e s   i n v e r s e l y   w i t h  
r a d i u s .  

When t h e   i n v o l u t e   f l o w   p a s s a g e   s e p a r a t o r s  are o m i t t e d ,   t h e   f l u i d   i n   t h e  
d u c t  w i l l  b e   s p u n   a r o u n d   t h e  pump c e n t e r   l i n e   b y   t h e   i n t e r a c t i o n   o f   t h e  
r e v o l v i n g   f i e l d   a n d   t h e   i n d u c e d   c u r r e n t s   i n   t h e   f i e l d .   T h u s ,   b y   c e n t r i f u g a l  
f o r c e ,  a p r e s s u r e  r ise  w i l l  o c c u r   b e t w e e n   t h e   f l u i d  a t  t h e  pump i n s i d e  
d i a m e t e r   a n d   t h a t  a t  the pump o u t s i d e   d i a m e t e r .   T h e  pumping  phenomenon 
i s  e s s e n t i a l l y   i d e n t i c a l  t o  t h a t   o f   t h e   c o n v e n t i o n a l   m e c h a n i c a l   c e n t r i f u g a l  
pump. 

J u s t  as i n   t h e  case o f   a x i a l  a i r  g a p   m o t o r s   c o m p a r e d   w i t h   r a d i a l  a i r  
gap  motors, t h e   s p i r a l   i n d u c t i o n  pump i s  more complex   phys i ca l ly   and  
e l e c t r o m a g n e t i c a l l y   t h a n  i t s  h e l i c a l   c o u n t e r p a r t .  I t  h a s ,   c o n s e q u e n t l y ,  
r e c e i v e d   v e r y  l i t t l e  a t t e n t i o n   a n d   d e v e l o p m e n t   e f f o r t .  

c .  Moving  Magnet I n d u c t i o n  Pumps. I n   p r i n c i p l e ,   m o v i n g   m a g n e t   i n d u c t i o n  
pumps d i f f e r   f r o m   p o l y p h a s e   i n d u c t i o n  pumps o n l y   i n   t h e  means o f   e x c i t a t i o n .  
Where   po lyphase   induct ion  pumps a re  e x c i t e d   b y  a t r a v e l i n g  wave of  m.m.f.  
g e n e r a t e d   b y   t h e   f l o w   o f   a l t e r n a t i n g   c u r r e n t   t h r o u g h   s t a t i o n a r y   w i n d i n g s ,  
moving  magnet   induct ion pumps are e x c i t e d  by t h e   p h y s i c a l   m o t i o n   o f   p e r m a n e n t  
magnets o r  e l e c t r o m a g n e t s .   T h e   f i e l d   w i n d i n g s  may b e   e i t h e r   s t a t i o n a r y   o r  
wound a r o u n d   t h e   p o l e s   o f   t h e   r o t a t i n g   s t r u c t u r e .  

I n   t h e   c o n c e p t   e m p l o y i n g   r o t a t i n g   f i e l d   w i n d i n g s ,   f i e l d   c u r r e n t  may be  
s u p p l i e d   v i a   s l i p   r i n g s ,  or a l t e r n a t i n g  power may b e   s u p p l i e d  t o  t h e  
r o t a t i n g   e l e m e n t  by i n d u c t i o n   a n d  t o  t h e   f i e l d   b y   r e c t i f i e r s   m o u n t e d  on 
t h e   r o t a t i n g   s t r u c t u r e .   T h e s e   e x c i t a t i o n   s y s t e m s  are commonly u s e d   i n  
conven t iona l   synchronous  motors a n d   g e n e r a t o r s .   C o n f i g u r a t i o n s   e m p l o y i n g  
s t a t i o n a r y   f i e l d   w i n d i n g s  are similar t o  t h o s e   u s e d   i n   h o m o p o l a r   i n d u c t i o n  
a l t e r n a t o r s .   T h e   f i e l d   w i n d i n g s  are  t o r o i d a l   i n   s h a p e .   T h e   f i e l d   c u r r e n t  
p roduces  a. c o n s t a n t  m.m.f. across t h e   d u c t .  A t r a v e l i n g  wave o f   f i e l d  
s t r e n g t h  i s  p r o d u c e d   b y   r o t a t i n g  a ro tor  s t r u c t u r e   w i t h  a number o f   m a g n e t i c  
s a l i e n t s   i n   t h e   r e g i o n  across w h i c h   t h e   e x c i t i n g  m.m.f. i s  a p p l i e d .   T h e  
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a n n u l a r   a n d   d i s c  pump c o n f i g u r a t i o n s  are w e l l  adap ted  t o  e x c i t a t i o n   b y  
moving, or r o t a t i n g ,   m a g n e t s .  

1. Annu la r  Hel ica l  D u c t .   I n   t h e   a n n u l a r   h e l i c a l   c o n f i g u r a t i o n ,   t h e  
r o t a t i n g   m a g n e t s  may b e   e i t h e r   e x t e r n a l  o r  i n t e r n a l  t o  t h e   d u c t   c y l i n d e r  
w i t h   t h e   o p p o s i t e  member a s t a t i o n a r y   l a m i n a t e d   f l u x   r e t u r n   s t r u c t u r e .  
T h e   d u c t   c o n f i g u r a t i o n s   i l l u s t r a t e d   i n   F i g u r e s  5 and 8 appea r  w e l l  s u i t e d  
t o  e x c i t a t i o n   u s i n g  a r o t a t i n g   e l e c t r o m a g n e t i c   s t r u c t u r e .  When t h e  ro to r  
p o l e s  are s k e w e d ,   t h e   h e l i c a l   f l o w   p a s s a g e   s e p a r a t o r s  may b e   o m i t t e d ,  
a l t h o u g h   t h e i r   o m i s s i o n  w i l l  obv ious ly   mod i fy   t he   pe r fo rmance .   Such  a 
pump h a s   b e e n   s t u d i e d   e x t e n s i v e l y   a n d   t h e   r e s u l t s  are r e p o r t e d   i n  
r e f e r e n c e  16.  

T h e   i n d u c t o r   v e r s i o n   o f   t h e   a n n u l a r   h e l i c a l   r o t a t i n g   m a g n e t i c   i n d u c t i o n  
pump e l e c t r o m a g n e t i c a l l y  similar t o  t h e   i n d u c t o !   a l t e r n a t o r ,  i s  i l l u s t r a t e d  
i n   F i g u r e   2 4 .   T h e   d u c t  may or may n o t   h a v e   h e l i c a l   f l o w   p a s s a g e   s e p a r a t o r s .  
C o n s i d e r i n g   t h e   s e v e r e  skew p o s s i b l e   w i t h   t h e   i n d u c t o r   c o n f i g u r a t i o n ,   a n  
a n n u l a r   d u c t   w i t h o u t   h e l i c a l   s e p a r a t o r s   a p p e a r s   f e a s i b l e .   I n   t h i s   d e s i g n ,  
e x c i t a t i o n  i s  p rov ided  by d c   c u r r e n t   i n   t h e   c e n t r a l l y   l o c a t e d ,   s t a t i o n a r y ,  
t o r o i d a l   e x c i t i n g  c o i l .  Ro ta t ing   t he   worml ike   magne t i c  r o t o r  s t r u c t u r e  
p r o d u c e s   m o t i o n   o f   t h e   m a g n e t i c   f i e l d   i n  a h e l i c a l   p a t h   w i t h  a r e l a t i v e l y  
small ax ia l   componen t .  A v i s u a l   a n a l o g u e  i s  t h e   f a m i l i a r   r e v o l v i n g   b a r b e r  
p o l e .   T h i s   c o n f i g u r a t i o n  i s  mechan ica l ly   d r iven   and  was o r i g i n a l l y   c o n c e i v e d  
as d i r e c t   c o n n e c t e d  t o  a h i g h   s p e e d   t u r b i n e   s h a f t .  

2 .   S p i r a l   D u c t .   I n   t h e   d i s c   s p i r a l   c o n f i g u r a t i o n ,  a set  of r o t a t i n g  
magnets  may b e   l o c a t e d   o n   b o t h   s i d e s   o f   t h e   d u c t ,  o r  one set of r o t a t i n g  
m a g n e t s   a n d   o n e   s t a t i o n a r y   l a m i n a t e d   m a g n e t i c   f l u x   r e t u r n   s t r u c t u r e  may 
b e   u s e d .   S p i r a l   f l o w   p a s s a g e   s e p a r a t o r s  may or may n o t   b e   u s e d .   E x c i t a t i o n  
may b e   b y   p e r m a n e n t   m a g n e t s ,   d c   e x c i t a t i o n   o f   r o t a t i n g   w i n d i n g s ,  or d c  
e x c i t a t i o n   o f  a s t a t i o n a r y   w i n d i n g .   F i g u r e   2 5   i l l u s t r a t e s   o n e   c o n c e p t   i n  
w h i c h   t h e   r o t a t i n g   f i e l d   s t r u c t u r e  i s  d r i v e n   b y   a n   i n t e g r a l  ac motor. 
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Advan tages   and   d i sadvan tages  of the  moving  magnet pumps as compared t o  
p o l y p h a s e   i n d u c t i o n  pumps are p r e s e n t e d   i n   T a b l e  3 :  

TABLE 3 .  COMPARISON OF .MOVING 
MAGNIIT AND POLYPHASE INDUCTION PUMPS 

~. ~ - 
"~ 

- 
" -~ ~~ ~ ~ ~ 

~~~ ." "" - .  . 

Advan tages   D i sadvan tages  

1. Much lower   vo l t - ampere   i npu t  1. I n h e r e n t l y  lower r e l i a b i l i t y ,  
because   o f   t he  low power because  of t h e   a d d i t i o n a l  
f a c t o r  of p o l y p h a s e   i n d u c t i o n  f a i l u r e  mechanisms  assoc ia ted  
pumps. w i t h   r o t a t i o n ,   b e a r i n g s ,  e t c .  

2 .  Less   vo lume   o f   ac t ive  material 2 .  I n a b i l i t y  t o  u s e   m a g n e t   s t r u c t u r e s  
r e q u i r e d ,   b e c a u s e   s t r o n g e r   t o   s u p p o r t   d u c t  w a l l s .  
f i e l d s   c a n   b e   a t t a i n e d  by more 
e f f e c t i v e   f i e l d   w i n d i n g s .  

3 .  L e s s   s t r i n g e n t   r e q u i r e m e n t s   f o r  
e l e c t r i c a l   i n s u l a t i o n ,   i g n o r i n g  
r o t a t i o n ,   b e c a u s e   o f   l o w e r  
vo l t ages   needed  f o r  w i n d i n g s .  

" - 

B.  B a s i c   C h a r a c t e r i s t i c s  

1. E f f i c i e n c v  

a .  D u c t   E f f i c i e n c y .   I n   t h e   f o l l o w i n g   d e v e l o p m e n t ,   t h e   e f f i c i e n c y   o f   a n  
e l e m e n t a r y  EM pump d u c t   s e c t i o n ,  shown i n   F i g u r e  26, i s  r e l a t e d   t o   t h e  
p e r t i n e n t   d e s i g n   p a r a m e t e r s .   H y d r a u l i c   p o w e r   o u t p u t ,   f l u i d  12R loss ,  and 
d u c t  w a l l  12R loss are c o n s i d e r e d   a n d   t h e   f o l l o w i n g   a s s u m p t i o n s  are made: 

1 )  The a p p l i e d   m a g n e t i c   f i e l d   h a s  a y component  only  and 
d o e s   n o t   v a r y   w i t h  x and y . 

2 )  The f l u i d   v e l o c i t y   h a s  a z component   only  and  does 
n o t   v a r y   w i t h  x and y . 

3 )  The c u r r e n t   d e n s i t y   i n   t h e   f l u i d   h a s   a n  x component 
o n l y   a n d   d o e s   n o t   v a r y   w i t h  x and y . 

4 )  E n t r a n c e   a n d   e x i t   i r r e g u l a r i t i e s  are n e g l e c t e d .  
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I n  a c o n s i s t e n t   s y s t e m  of u n i t s ,  

P = B j c  

Q = v a b  f 

V = (I: j +  V B)b 
f f 

= PQ = B j v   ( a b c )  
wO f 

11 

1 2  

13 

14 

L e t   s y n c h r o n o u s   v e l o c i t y   v s   b e   d e f i n e d  as t h e  f l u i d   v e l o c i t y  at  w h i c h   t h e  
f l u i d   c u r r e n t   d e n s i t y  becomes  zero.   Then,  

v = -  V 
s Bb 

1 5  

v - v  s f  
s =  

V 
s 

where s i s  d e f i n e d  as s l i p .  

I t  f o l l o w s   t h a t  

B v  s 
j =  - S 

P f  

V = B v  b 

B2 v2 s ( 1 - s )   ( a b c )  
wo = 

F f  

16 

17 

18 

19 
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The I R loss i n  t h e   f l u i d  i s  c l e a r l y  2 

w = J P f  (abc)  
2 

f 

or 
B2 vz s2 (abc )  

Wf = 
p f 

The I R loss i n   t h e   d u c t  walls i s  2 

or 

W = B V  - 2  2 2 t  
d ( a b c  1 

s a Pd 

N e g l e c t i n g   v i s c o u s  losses, t h e   d u c t   e f f i c i e n c y  ‘rl may b e   d e f i n e d  as 

W 
r l =  0 

d w + w  + w  
o f d  

S u b s t i t u t i n g   e q u a t i o n s   1 9 ,   2 0 ,   a n d   2 1   i n t o   e q u a t i o n   2 2   a n d   s i m p l i f y i n g  
y i e l d s  

7 = -  1 - s  

1 + -  Y 

20 

21  

22 

23 
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where 

2 t  Pf 
y =  - 24 

I t  may be  shown t h a t   t h e  maximum d u c t   e f f i c i e n c y   o c c u r s  a t  an  optimum 
s l i p  s m 

s = Y  ( - v l + s  1 
m 

and i s  

max = 1 - 2sm 
d 

25 

26 

E q u a t i o n s  23 and  26 are p l o t t e d   i n   F i g u r e  27. T h i s   f i g u r e   i l l u s t r a t e s  
c l e a r l y   t h e   s t r o n g   i n f l u e n c e   o f   d u c t  wall loss i n   r e d u c i n g  pump e f f i c i e n c y .  
T h e   d i a g o n a l   l i n e   c o r r e s p o n d i n g  t o  Y = 0 s h o w s   d u c t   e f f i c i e n c y  as a f u n c t i o n  
o f   s l i p  when d u c t  wal l  loss i s  z e r o .   H i g h   d u c t   e f f i c i e n c y   r e q u i r e s  a low 
v a l u e   o f   t h e   p a r a m e t e r  Y , 

b .   E l e c t r i c a l   E f f i c i e n c y .   I n   a d d i t i o n  t o  t h e  losses c o n s i d e r e d   f o r   d u c t  
e f f i c i e n c y   a b o v e ,   t h i s   d e v e l o p m e n t   c o n s i d e r s   t h e  pump winding I 2 R loss. The 
f o l l o w i n g   a s s u m p t i o n s ,   p l u s   t h o s e   f o r   d u c t   e f f i c i e n c y ,  are u s e d :  

1) E x c i t a t i o n  i s  p r o v i d e d   b y   b a l a n c e d   p o l y p h a s e   c u r r e n t s   i n  
w i n d i n g s   d i s t r i b u t e d   a l o n g  the z a x i s .  

2 )  Magne tomot ive   fo rce   caused   by   f l u id   and   duc t  wall c u r r e n t s  
i s  c o m p e n s a t e d   b y   c u r r e n t   i n   t h e  pump wind ings .  

3) T i m e   h a r m o n i c s   i n   t h e   e x c i t i n g   c u r r e n t  a re  n e g l e c t e d .  

4 )  S p a c e   h a r m o n i c s   i n   e x c i t i n g   m . m . f .   a r e   n e g l e c t e d .  

5) T h e   l e a k a g e   r e a c t a n c e   o f   t h e   f l u i d   a n d   d u c t  wal l  c i r c u i t s  
i s  n e g l i g i b l e .  

R e l a t i n g   w i n d i n g  loss t o  pump o u t p u t   n e c e s s i t a t e s   r e l a t i n g   w i n d i n g   c u r r e n t  
t o  t h e  terms u s e d   i n  pump o u t p u t   e q u a t i o n s   1 4  o r  19. Wind ing   cu r ren t  may b e  
r e g a r d e d  as composed o f  t w o  components 90 e l ec t r i ca l  d e g r e e s   o u t   o f   p h a s e :  
o n e ,   t h e   e x c i t i n g   c u r r e n t ,   p r o d u c e s   t h e   n e t   f l u x   d e n s i t y   i n   t h e   a i r   g a p ;   s e c o n d ,  
t h e   l o a d   c u r r e n t   c o m p e n s a t e s   f l u i d   a n d   d u c t  wall cu r ren t s .   Thus ,   where  A, and 
A 1  are  m a g n e t i z i n g   a n d   l o a d   c u r r e n t s   p e r   u n i t   l e n g t h   i n   t h e  z a x i s ,   r e s p e c t i v e l y ,  
a n d   k l  i s  t h e   w i n d i n g   p i t c h   a n d   d i s t r i b u t i o n   c o n s t a n t ,  i t  may b e  shown t h a t  
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and 

27 

S i n c e  A,,, and k1 are 90 e lec t r ica l  d e g r e e s   o u t  of p h a s e ,   t h e   w i n d i n g   l o s s  
may b e   r e l a t e d   t o   t h e  sum o f   t h e i r   s q u a r e s .   T h u s ,  

W1 = r 1 ( :  A + A1 2 J  bc  

28 

29 

where r i s  t h e   r e s i s t a n c e   o f   t h a t   p a r t   o f   t h e  pump windings  bounded  by 
a r e g i o n   h a v i n g   u n i t   l e n g t h   i n   b o t h  x and z a x e s .   U s i n g   e q u a t i o n s   1 7 ,  
27,   and  28,   equat ion  29 may b e   e x p r e s s e d   i n   t h e  terms of   equa t ion   20 .   Thus ,  

1 

N e g l e c t i n g   v i s c o u s   l o s s e s ,  e lec t r ica l  e f f i c i e n c y  

wO 

r l =  e W o + W  + W  + W  f d l  

Us ing   equa t ions   19 ,   20 ,   21 ,   and   30   and   r ea r r ang ing ,  

2 1’ + f )  ’1 bc  30 

?le may  now b e   w r i t t e n  

31 

32 

Equat ion   32  may be   expressed   in   more   convenient  terms u s i n g   t h e   r e l a t i o n s h i p s  

2 fh  = v 

v = ( 1  - s )  vs f 

33 

34 
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Thus ,  

s ( l  - s )  
?le = 

a r  1 r n f g  Pf 

35  

I t  i s  i n t e r e s t i n g   t o   s u b s t i t u t e   r e a s o n a b l e   n u m b e r s  for some o f   t h e  terms i n  
e q u a t i o n  35 and t o   p l o t  ?le a g a i n s t   t h e   r e m a i n i n g   v a r i a b l e s .   I n   F i g u r e   2 8 ,  e 
i s  shown a s  a f u n c t i o n  of slip a n d   f r e q u e n c y   f o r   n o r m a l l y   e x p e c t e d   v a l u e s  
o f   t h e   r a t i o s  Y , ar  / k 2 P  and  2ngPf/pavf2.   Thus,   assuming 1 I f ’  

t = 0 . 0 2 5   i n .  r = 10 x 1 0  Ohm -6 
1 

a = 0.25 i n .  

P = P = 20 x 10 Ohm-in. -6 
f d  

g = 0 . 4  i n .  

u = 3.19   l ine . /amp- in .  

k = 0.8 i n .  
1 v = 25 f t / s e c  

f 

Y = 0 .2  

36 
a r  

2 2 = 0.156 

kl f 

2 n  = 0.07 37 
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Then, 

s ( l  - s )  

“ e  - 
- 

( s  + 0.2) + 0.156 {(s + 0.212 + p . 0 7  f ( l  - s l 2 ]  ‘1 38 

T h i s   e q u a t i o n  i s  p l o t t e d  i n  F i g u r e  28. 

2 .  Duct   Spec i f i c   Power  

I n  t h e   p r e c e d i n g   d e v e l o p m e n t ,   n o  res t r ic t ions  were p l a c e d   o n   t h e   s p a c e  
occupied   by  t he  pump. I n  t h i s  d e v e l o p m e n t ,   t h e   s p e c i f i c  power w o f   t h e  
pump d u c t  i s  re la ted t o  t h e   v a r i o u s  pump d e s i g n   p a r a m e t e r s .  I t  i s  d e f i n e d  
as t h e  r a t io  o f   duc t   ou tpu t   power  W, t o  duct   volume  abc.  

Many f a c t o r s  w i l l  a f f e c t  pump s ize ,  b u t   t h e   l i m i t a t i o n   i n  a p a r t i c u l a r  
d e s i g n  i s  g e n e r a l l y   w i n d i n g   t e m p e r a t u r e .   W i n d i n g   t e m p e r a t u r e  i s  a f u n c t i o n  
of   winding  power loss ,  f l u i d   t e m p e r a t u r e ,   h e a t   s i n k   t e m p e r a t u r e ,   a n d   t h e  
t h e r m a l   p r o p e r t i e s  of t h e   p a t h s   t h r o u g h   w h i c h   t h e  loss p a s s e s   e n r o u t e   f r o m  
windings  t o  h e a t   s i n k .   T h i s   d e v e l o p m e n t   a s s u m e s   t h a t  s t a t o r  winding  temper-  
a t u r e  limits t h e   h e a t  loss f r o m   t h e  pump t o  q1 u n i t s  of  power p e r   u n i t  
s u r f a c e   a r e a   o f   t h e   d u c t .   T h u s ,  

W1 = qlbc  39 

40 

Combin ing   equa t ions   19 ,   fo r   power   ou tpu t ,   and   equa t ion  40  a n d   r e a r r a n g i n g ,  

W 

a b c  
0 - = w =  

4 1  

-33- 



T h i s   e q u a t i o n  i s  similar to  e q u a t i o n   3 2   f o r  electrical  e f f i c i e n c y .   A g a i n ,  
s u b s t i t u t i n g   f o r  1 and v i n  terms o f   f ,  vf  and s, 

S 

42 

T h e   e x p r e s s i o n   f o r  w h a s   t h e   d i m e n s i o n s   o f   q l / a   s i n c e   t h e   r e m a i n i n g  
terms a r e   d i m e n s i o n l e s s .   I n   t h e   f l a t  EM pumps i n s t a l l e d   i n   t h e   s u b m a r i n e  
Seawolf ,  q1 was a p p r o x i m a t e l y   2 5   w a t t s / i n . 2 .   U s i n g   t h i s   v a l u e   f o r  q1 and 
t h e   v a l u e s   u s e d   t o   o b t a i n   E q u a t i o n  38 f o r   t h e   r e m a i n i n g   q u a n t i t i e s ,   e q u a t i o n  
42  becomes 

641 ~ ( l  - S )  

w =  43 

T h i s   e q u a t i o n  i s  p l o t t e d   i n   F i g u r e   2 9 .  

3. Power Fac to r   and   S to red   Ene rgy  

T h e   l a r g e   a i r   g a p s   i n h e r e n t   i n  EM p u m p s ,   c o u p l e d   w i t h   t h e   r e l a t i v e l y  
h i g h   r e s i s t i v i t i e s   o f   t h e   l i q u i d   a l k a l i  metals, l e a d   i n e v i t a b l y   t o  pumping 
c o n f i g u r a t i o n s   i n   w h i c h   t h e   e n e r g y   s t o r e d   i n   t h e   m a g n e t i c   f i e l d s   a s s o c i a t e d  
w i t h   t h e  a i r  g a p   a n d   t h e   l e a k a g e   f l u x   p a t h s  is much g r e a t e r ,   r e l a t i v e   t o  
i npu t   power ,   t han  i s  n o r m a l l y   t h e   c a s e   i n   m o t o r s   a n d   g e n e r a t o r s .   T h u s ,   a c  
EM pumps f r e q u e n t l y   h a v e   p o w e r   f a c t o r s  less t h a n  SO%, p a r t i c u l a r l y  when 
e f f i c i e n c y   h a s   b e e n   m a x i m i z e d .   I n   a n y   p o w e r   d i s t r i b u t i o n  s y s t e m ,  supply  
o f   l o a d s   w i t h  low  power f a c t o r  i s  accomplished a t  t h e   e x p e n s e  of e i t h e r  
h i g h   c u r r e n t   i n   a l l   t h e  power g e n e r a t i o n   a n d   d i s t r i b u t i o n   e l e m e n t s  o r  t h e  
a d d i t i o n   o f   c a p a c i t i v e   l o a d   e l e m e n t s .   E i t h e r   a p p r o a c h   a d d s   w e i g h t   a n d  com- 
p l e x i t y  t o  t h e  power d i s t r i b u t i o n   s y s t e m .   T h e   f o l l o w i n g   d e v e l o p m e n t  
i l l u s t r a t e s   t h e   e x t e n t   t o   w h i c h  pump power f a c t o r   a n d   e l e c t r o m a g n e t i c   s t o r e d  
e n e r g y   a r e   i n f l u e n c e d  by l i q u i d  metal p r o p e r t i e s ,  power   supply   f requency ,  
and pump d e s i g n .  

I n   a n   i n d u c t i v e   c i r c u i t ,   t h e   r e l a t i o n s h i p s   b e t w e e n   t h e   e n e r g y   s t o r e d   i n  
t h e   m a g n e t i c   f i e l d   a n d   t h e   r e a c t i v e   v o l t - a m p e r e s  may b e   w r i t t e n :  

2 
U = & L I  

2  2 w = I x = I ( 2   n f L )  
q 

44 

45 
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where I i s  r m s  c u r r e n t   a n d  U i s  t h e   a v e r a g e   v a l u e   o f   t h e   s t o r e d   e n e r g y .  
I t  fo l lows   f rom  equa t ions  44 a n d   4 5   t h a t  

w = 4 nfU  46 
q 

I n   t h e   f o l l o w i n g   d e r i v a t i o n ,   t h e   r e l a t i o n s h i p   b e t w e e n   s t o r e d   e n e r g y  U 
and pump o u t p u t  Wo i s  d e v e l o p e d   i n   g e n e r a l  terms a n d   t h e   r e s u l t s   a r e  
p l o t t e d   f o r   s e l e c t e d   c o n s t a n t s   a n d   p a r a m e t e r s .   T h e   c o n f i g u r a t i o n   c o n s i d e r e d  
i s  shown i n   F i g u r e  26.  

Energy may b e   s t o r e d   i n   t h e   d u c t   r e g i o n   ( t h e   a i r   g a p )   a n d   i n   t h e   w i n d i n g  
l e a k a g e   f l u x   p a t h s .   T h u s ,   t h e   e n e r g y   s t o r e d   i n   t h e   m a g n e t i c   g a p  U may be  
expres sed :  g 

T h e   e n e r g y   s t o r e d   i n   t h e   l e a k a g e   f l u x   p a t h s  U1 may b e   d e v e l o p e d   i n   t h e  
fo l lowing   manner .   Equat ions  27 and   28   g ive   expres s ions   fo r   magne t i z ing  
a n d   l o a d   c u r r e n t s ,   r e s p e c t i v e l y ,  p e r  u n i t   l e n g t h   i n   t h e  z a x i s .  

S i n c e  Am and A1 have  a m u t u a l l y   o r t h o g o n a l   r e l a t i o n s h i p ,   t h e   t o t a l   s h e e t  
c u r r e n t   d e n s i t y  A i s  

A =$m 2 2  + A1 

47 

27 

28 

48 

Assuming t h a t   t h e   w i n d i n g s   h a v e  a leakage  permeance A p e r  u n i t   l e n g t h   i n   t h e  
x  and z a x e s ,   t h e   e n e r g y   s t o r e d   i n   t h e   l e a k a g e   f l u x   p a t h s  i s  

U = $A2A b c  
1 

49 
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T h e   t o t a l   s t o r e d   e n e r g y  i s  t h e  sum of the   componen t s   g iven   by   equa t ions  47 
and  49: 

u = - -  B2 gbc + 1 A2 I\ bc  
2 I . l  2 

S u b s t i t u t i n g   f o r  A ,  

50 

51  

The  leakage  permeance i s  t h e  sum of  t h e   p e r m e a n c e   o f   t h e   s l o t s  p l u s  t h a t  
o f   t h e   e n d   t u r n s ,  i f  any.  I t  may be  shown t h a t   t h e   s l o t   p e r m e a n c e  fo r  comple t e ly  
f i l l e d   s l o t s   w i t h   p a r a l l e l   s i d e s ,   d e p t h  d  and  a r a t i o  of s l o t   w i d t h   t o  
s l o t   p i t c h  7 i s  S '  

I t  i s  r e a s o n a b l e  
f l u x   p a t h s   u s i n g  

t o   a c c o u n t   f o r   t h e   p e r m e a n c e  of t h e   a d d i t i o n a l   l e a k a g e  
a m u l t i p l i e r   k 2  > 1. Thus,  

52 

53 

N e g l e c t i n g   h y d r a u l i c  loss, the   hydrau l i c   power   ou tpu t  of t h e   d u c t  i s  g iven  
by equa t ion   19 .  From e q u a t i o n s  50 a n d   1 9 ,   t h e   r a t i o   o f   o u t p u t   t o   s t o r e d  
ene rgy  may b e   w r i t t e n  

Wn 
p v s  s(1 - s ) a  

2 

54 
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S u b s t i t u t i n g  for x and v   f r o m   t h e   r e l a t i o n s h i p s   i n   e q u a t i o n s   3 3   a n d   3 4 ,  
s 

55 

Equa t ion  52 i s  a g e n e r a l   e x p r e s s i o n   f o r   s l o t   p e r m e a n c e   d e r i v e d   o n   t h e  
t a c i t   b a s i s   t h a t   o n l y   o n e   s t a t o r  i s  i n v o l v e d   i n   s u p p l y i n g   m . m . f .   t o   t h e  pump 
d u c t .  When a s t a t o r  i s  p o s i t i o n e d  on bo th  s ides  o f   t h e  pump d u c t ,   t h e  
c u r r e n t   s u p p l i e d   t o   e a c h   s t a t o r   n e e d   b e   o n l y   h a l f   t h a t   r e q u i r e d   w i t h   o n e  
s t a t o r .   A c c o r d i n g l y ,   f r o m   e q u a t i o n   4 9 ,   t h e   t o t a l   e n e r g y   s t o r e d   i n   t h e  
l e a k a g e   f l u x   p a t h s  when two s t a t o r s   a r e   u s e d  w i l l  b e   o n l y   o n e   h a l f   t h a t  
s t o r e d  when o n l y   o n e   s t a t o r  i s  used .   Thus ,   employing   equat ions   52   and   54 ,  
when o n e   s t a t o r  i s  u s e d ,  

wO - 
U 

C o n s i d e r i n g   t h e   f o r e g o i n g ,  when two s t a t o r s   a r e   u s e d ,  

W - 0 
U 

Using 

7 

k2  

dS 

t h e   a s s u m e d   v a l u e s   f o r   t h e  terms i n   e q u a t i o n   3 5 ,   p l u s   t h e s e   a d d i t i o n s ,  

= 0 . 5  

= 2  

= 1 i n . ,  when o n e   s t a t o r  i s  used  

ds = 0.5 i n . ,  when  two s t a t o r s   a r e   u s e d  

L 
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e q u a t i o n s  56  and  57, i n   c o n s i s t e n t   u n i t s ,  become 

s i  1 

1- s 2 
= 44 .9  - 

1 + 2 . 9  [-j 1 - s  

58 

E q u a t i o n s   5 8   a n d   5 9   a r e   p l o t t e d   i n   F i g u r e s  30 and  31, r e s p e c t i v e l y .  
T h e s e   f i g u r e s   i l l u s t r a t e   t h e   s e n s i t i v i t y  of s t o r e d   e n e r g y   t o   s l i p   a n d  
f r e q u e n c y   a n d   a l s o  show t h e   r e d u c t i o n   i n   s t o r e d   e n e r g v   D o s s i b l e  when 
s t a t o r s   c a n  be l o c a t e d   o n   b o t h  sides of a pump duct .   Whi le   the  minimum 
v a l u e   o f   s t o r e d   e n e r g y   i n  a pump d e s i g n e d   f o r   h i g h   f r e q u e n c y  may approach  
t h a t   i n  a pump d e s i g n e d   f o r   l o w e r   f r e q u e n c y ,   t h e   r e a c t i v e   p o w e r   ( e q u a t i o n  
46) w i l l  be  a t   l e a s t   p r o p o r t i o n a l   t o   f r e q u e n c y .  

4 .  Hydrau l i c   P re s su re   Drop  

a .   G e n e r a l .   H y d r a u l i c   p r e s s u r e   d r o p   i n   a n  EM pump i s  caused  by 
e n t r a n c e   a n d   e x i t   l o s s e s   a n d   t h e   v i s c o u s   d r a g   i m p a r t e d   t o   t h e   f l u i d   a t  
t h e   d u c t   b o u n d a r i e s .   E n t r a n c e   a n d   e x i t   l o s s e s   a r e   u s u a l l y   e x p r e s s e d   i n  
terms o f   t h e   v e l o c i t y   h e a d  

PV2 
Pe = h -  

2 
60 

The  number  of   veloci ty   heads h d e p e n d s u p o n   t h e   d e t a i l s   o f   t h e   e n t r a n c e  
a n d   e x i t   c o n d i t i o n s   a n d  may b e   a p p r o x i m a t e d   f o r  a p a r t i c u l a r   c o n f i g u r a t i o n  
by r e f e r e n c e   t o   v a r i o u s   p u b l i c a t i o n s   ( R e f s .   1 7   a n d  18). 

V i s c o u s   l o s s  i s  n o r m a l l y   e x p r e s s e d   i n  terms o f   t h e   f r i c t i o n   f a c t o r  6 , 
t h e   r a t i o   o f   d u c t   l e n g t h  t o  h y d r a u l i c   d i a m e t e r  L/D, a n d   v e l o c i t y   h e a d .   I n  
a  form of t h e   F a n n i n g   e q u a t i o n ,  

2 
P = 4 + )  - P V  

CI 2 
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W i t h   t h e   u s u a l   f l o w   c o n d i t i o n s ,   f r i c t i o n   f a c t o r  i s  a func t ion   o f   Reyno lds  
number N R ,  d u c t   s u r f a c e   c o n d i t i o n s ,   a n d   d u c t   c u r v a t u r e .  When a conduc t ing  
f l u i d   f l o w s   t h r o u g h  a m a g n e t i c   f i e l d ,   c i r c u l a t i n g  e lectr ical  c u r r e n t s   f l o w  
w i t h i n   t h e   f l u i d   a n d   i n t r o d u c e   a n   a d d i t i o n a l   b o d y   f o r c e   o n   t h e   f l u i d   t h a t  
i n f l u e n c e s   t h e   v e l o c i t y   d i s t r i b u t i o n  across t h e   d u c t .   T h i s   t e n d s   t o   m o d i f y  
t h e   f r i c t i o n   f a c t o r .  

An a n a l y s i s   o f   h y d r a u l i c   p r e s s u r e   d r o p   f o r   l a m i n a r   f l o w   o f  a v i s c o u s  
c o n d u c t i n g   f l u i d   f l o w i n g   i n  a s t r a i g h t   d u c t   t h r o u g h  a m a g n e t i c   f i e l d  i s  
g i v e n   i n   t h i s   s e c t i o n .   T h e   r e s u l t i n g   e x p r e s s i o n  for f r a c t i o n   f a c t o r  i s  

where  the  Hartmann  number NH (Ref .   19)  i s  

BD 

and  Reynolds  number NR (Ref .   17)  i s  given  by 

NR = " 
P gvD 

CI 

62 

63 

64 

where p is  t h e   v i s c o s i t y   o f   t h e   f l u i d .  A similar s o l u t i o n   f o r   t h e   f r i c t i o n  
f a c t o r  when f low is t u r b u l e n t  is  u n a v a i l a b l e .   P h y s i c a l   r e a s o n i n g   a n d   l i m i t e d  
tes t  d a t a   o n   m e r c u r y   i n d i c a t e   t h a t   t h e   m a g n e t i c   f i e l d   h a s   v e r y  
o n   t h e   f r i c t i o n   f a c t o r  when f low is  t u r b u l e n t .  On t h i s   b a s i s ,  
f a c t o r   f o r   t u r b u l e n t   f l o w   ( R e f .   1 7 )  is g i v e n  by 

l i t t l e  e f f e c t  
t h e   f r i c t i o n  

Equa t ions  62 and 65 are p l o t t e d   i n   F i g u r e  32. F r i c t i o n   f a c t o r  
l amina r   f l ow  by   equa t ion  62 and f o r   t u r b u l e n t   f l o w  by e q u a t i o n  

For c u r v e d   d u c t s   f r i c t i o n   f a c t o r  i s  g r e a t e r   t h a n   t h a t   g i v e n  

65 

is  g i v e n   f o r  
65. 

i n   F i g u r e  32 
f o r   s t r a i g h t   d u c t s .   F o r   l a m i n a r   f l o w ,   S c h l i c h t i n g   ( R e f .  20) g i v e s   t h e   e f f e c t  
o f   c u r v a t u r e  as i n c r e a s i n g   f r i c t i o n   f a c t o r  by t h e   m u l t i p l i e r  

r 1 

Ll + 0.075 NR 
o f   Cross   Sec t ion  

Radius   o f   Curva ture  66 
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N o  i n f o r m a t i o n  i s  a v a i l a b l e   c o n c e r n i n g  the  e f f e c t   o f   d u c t   c u r v a t u r e  when the  
Hartmann  number i s  o t h e r   c h a n  zero. T h e   i n c r e a s e   i n   f r i c t i o n   f a c t o r   c a u s e d  
b y   c u r v a t u r e   r e s u l t s   f r o m   s e c o n d a r y   f l u i d   f l o w   p a t t e r n s   a r i s i n g   f r o m   t h e   c e n t r i -  
f u g a l   f o r c e   f i e l d   p r o d u c e d   b y   t h e   v a r i a t i o n s   i n   f l u j d   v e l o c i t y   a c r o s s   t h e  
d u c t  cross s e c t i o n .  When a c o n d u c t i n g   f l u i d   f l o w s  i n  a t r a n s v e r s e   m a g n e t i c  
f i e l d ,   v e l o c i t y   v a r i a t i o n s  across t h e   d u c t  are  r educed  by t h e   e d d y   c u r r e n t  
m a g n e t i c   f i e l d   r e a c t i o n ;  hence, t h e   e f f e c t   o f   c u r v a t u r e  i s  expec ted  t o  
d e c r e a s e   w i t h   i n c r e a s i n g   H a r t m a n n   n u m b e r .  

T h e   v e l o c i t y   d i s t r i b u t i o n   a c r o s s  a w i d e   r e c t a n g u l a r   d u c t  i s  shown i n  
F i g u r e  33 f o r   t h e   r a n g e  of p r a c t i c a l   v a l u e s  of Har tmann   number .   Th i s   ve loc i ty  
d i s t r i b u t i o n  i s  g i v e n   i n   e q u a t i o n  80 i n  terms o f   a v e r a g e   v e l o c i t y .   H i g h e r  
v a l u e s   o f   p r e s s u r e   d r o p  are a s s o c i a t e d   w i t h  higher v e l o c i t y   g r a d i e n t s  a t  t h e  
b o u n d a r i e s .  

b .   E f f e c t  of M a g n e t i c   F i e l d .   C o n s i d e r   t h e   e l e m e n t a r y   d u c t   s e c t i o n  shown 
i n  Figure 26.  Assume: 

1) T h e   f i e l d  moves i n   t h e  z d i r e c t i o n  a t  a c o n s t a n t  
v e l o c i t y  v . 

2)   The  duct   and a i r  g a p   h e i g h t   i n   t h e  y d i r e c t i o n   a r e  much 
less t h a n   t h e   o t h e r   d u c t   d i m e n s i o n s   a n d   t h e   p o l e   p i t c h ,  
so t h a t   t h e r e  are  n o   v a r i a t i o n s   i n   t h e   f i e l d   w i t h   r e s p e c t  
t o  x and  y .  

3) Flow i s  l a m i n a r ;   v e l o c i t y  v v a r i e s   o n l y   w i t h   y .  

4 )  C u r r e n t   d e n s i t y   h a s   a n  x component   on ly ,   and   there  
are n o   c o n d i t i o n s   e x t e r n a l  t o  t h e   e l e m e n t a r y   d u c t   s e c t i o n  
shown w h i c h   i n f l u e n c e   c u r r e n t   d e n s i t y .  

T a k i n g   t h e   c e n t e r   o f   t h e   d u c t   s e c t i o n  a t  y = 0, t h e   c u r r e n t   d e n s i t y  
anywhere i s  

67 

The   body  force   on   an   e lement   bounded  by   x-y   p lanes  a t  y and y + d y ,   t h e r e -  
f o r e ,  i s  

68 
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The viscous  force  on  the  element  is 

2 

The total  force  on  the  element  is 

69 

70 

For laminar  flow,  the  pressure  across  any  cross  section  perpendicular to 
the  flow  must  be  constant.  This  requires  that 

71 

Writing  these  partial  differentials as total  differentials  in  accordance  with 
the  assumptions 

The  solution  of  this  differential  equation  may  be  written 

v = K + K cosh a y + K3 sinh '1. y 1 2  

where 

B 
a =  

-41- 
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S i n c e  v i s  a n   e v e n   f u n c t i o n  of y ,  

K = O  
3 

Thus, 

b u t  v = 0, y = - ?  + a  

Thus , 
K 
1 K = -  

cosh  a - a 
2 

and 

v = K  
1 

T h e   a v e r a g e   v e l o c i t y  v i s  
- 

- 
v = K  

1 

a t a n h  3, - 
2 

hence , 

1 -  cosh  a y 

v = v  
- 

75 

76 

77 

78 

79 
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T h e   d i m e n s i o n l e s s   c o n s t a n t   a a / 2  i s  called the Hartmann  number (Ref. 19). 

I n  terms of  t h e  Hartmann  number, 

cosh  INH z) 
1 -  

cosh  NH 

v = v  
- 

80 

81 
t a n h  NH 

1 -  
NH 

The net h y d r a u l i c   d r a g   e x e r t e d  on t h e   f l u i d   p e r   u n i t  area f o r  e a c h   d u c t - f l u i d  
i n t e r f a c e  is 

- zNHM ( tanh NH 1 ;  
ga 

t a n h  NH 
1 -  

NH 
I 
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" 

I n  terms o f   p r e s s u r e   d r o p   p e r   u n i t   l e n g t h  of f low  pa th  
d u c t - f l u i d   i n t e r f a c e s :  

2F 4 NH 2 

2 

1 
P = " E = -  

i-1 a 
g a  

f o r   b o t h  

84 

E q u a t i n g   t h i s   e x p r e s s i o n   f o r   p r e s s u r e   d r o p   t o   t h e   e x p r e s s i o n   o f   e q u a t i o n  
61 

85 

Introducing  Reynolds   number  given by e q u a t i o n  64 a n d   e q u a t i n g   t h e   h y d r a u l i c  
d i a m e t e r  D t o  twice t h e   d u c t   h e i g h t ,  it f o l l o w s   t h a t  

NR  \N c o t h  NH H - 

F o r   l a r g e   v a l u e s   o f  N t h i s   e x p r e s s i o n   b e c o m e s  H'  

NH 
6 = -  

NR 
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When N becomes  very small, approaching   zero ,   (no   magnet ic  f i e ld )  H 

88 

T h i s  i s  t h e  classical e x p r e s s i o n   g i v e n   f o r   f r i c t i o n   f a c t o r   f o r  laminar f low 
i n  a wide   r ec t angu la r   duc t   (Re f .  21). 

E x p r e s s i n g   e q u a t i o n  80 i n  terms o f   h y d r a u l i c   d i a m e t e r  D, 

BD 
*H - - I" 
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5. C a v i t a t i o n   C o n s i d e r a t i o n s  

C a v i t a t i o n ,   t h e  phenomenon   o f   fo rma t ion   and   co l l apse   o f   bubb les   i n  a l i q u i d ,  
i s  g e n e r a l l y   a s s o c i a t e d   w i t h   c e n t r i f u g a l  pumps a n d   p r o p e l l e r s   a n d   h a s   b e e n   t h e  
s u b j e c t   o f   e x t e n s i v e   a n a l y s e s   a n d   e x p e r i m e n t a t i o n   i n   t h e s e   d e v i c e s .   T h e   e f f e c t  
o f   c a v i t a t i o n  may b e   e i t h e r  a d e t e r i o r a t i o n   i n   p e r f o r m a n c e  or p h y s i c a l  damage 
t o   m e c h a n i c a l   p a r t s ,   o r   b o t h .  

R e a s o n a b l e   c o r r e l a t i o n s   o f   n e t   p o s i t i v e   s u c t i o n   h e a d  (NPSH) w i t h   c a v i t a t i o n  
i n c e p t i o n   a n d   c a v i t a t i o n  damage   have   been   ob ta ined   fo r   cen t r i fuga l  pumps 
o p e r a t i n g   w i t h  water and l i q u i d  metal (Refs .  22 and 23). S i m i l a r   c r i t e r i a  
f o r  EM pumps have  not   been well e s t a b l i s h e d .   T h e   d u c t   p a s s a g e   o f   a n  Ehl pump 
c o n s i s t s ,   e s s e n t i a l l y ,   o f   a n   i n l e t   s e c t i o n ,   a n   i n l e t   t r a n s i t i o n   r e g i o n   i n   w h i c h  
the f l u i d   v e l o c i t y  is i n c r e a s e d   i n   m a g n i t u d e   a n d  may be  changed i n   d i r e c t i o n ,  
a pumping   reg ion   in   which  the f l u i d  is acted upon by t h e   e l e c t r o m a g n e t i c   f i e l d ,  
a n   o u t l e t   t r a n s i t i o n   r e g i o n   l e a d i n g   t o   t h e  pump o u t l e t ,   a n d  a pump o u t l e t  
s e c t i o n .   T h u s ,   f l o w   i n  EM pump passages   can   be   cons ide red  as similar t o   f l o w  
t h r o u g h   v e n t u r i   t y p e   d u c t   p a s s a g e s .  Some i n s i g h t   c o n c e r n i n g   t h e   c a v i t a t i o n  
performance  of EM pumps may b e   d e v e l o p e d   b y   c o n s i d e r i n g   c a v i t a t i o n  test data 
o n   v e n t u r i   p a s s a g e s .  
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C a v i t a t i o n   i n c e p t i o n   d a t a  on v e n t u r i   t y p e   p a s s a g e s   a r e   g e n e r a l l y  
p r e s e n t e d  i n  r e l a t i o n   t o   t h e   c a v i t a t i o n  number (5 , given  by t h e   e x p r e s s i o n ,  

P - Pv 
0 =- 

- P v  1 2  
2 

89 

where  P i s  t h e   a m b i e n t   s t a t i c   p r e s s u r e   i n  the f r e e   s t r e a m ,  Pv i s  t h e  
v a p o r   p r e s s u r e ,  p i s  t h e  mass d e n s i t y   o f   t h e   l i q u i d ,   a n d  v i s  t h e   v e l o c i t y  
i n   t h e   f r e e   s t r e a m .   H o l l   ( R e f .  24) r e p o r t s   d a t a   o n  a c a v i t a t i o n   t u n n e l   t e s t  
s ec t ion   w i th   a   cav i t a t ion   number   o f  0.08. Hammitt  (Ref. 25) r e p o r t s   d a t a  
t a k e n   o n   a   v e n t u r i   t e s t   s e c t i o n   s h o w i n g  a c a v i t a t i o n  number  of   approximately 
0 . 1 7   f o r   s o n i c   c a v i t a t i o n  and  approximately 0.06 f o r   v i s i b l e   c a v i t a t i o n .  
The  flow a t  t h e   e n t r a n c e   t o   t h e   p u m p i n g   s e c t i o n   o f   a n  EM pump may b e   l e s s  
u n i f o r m   t h a n   t h a t   i n   s u c h  tes t  s e c t i o n s ,   s i n c e  it may b e   a f f e c t e d   a d v e r s e l y  
by f r i n g i n g   e l e c t r o m a g n e t i c   f i e l d s   a n d  a less f a v o r a b l e   t r a n s i t i o n   c o n f i g u r a t i o n .  
T h u s ,   t h e   r a n g e   o f   c a v i t a t i o n   n u m b e r s   c i t e d   a b o v e   p r o b a b l y   r e p r e s e n t s   a  
minimum f o r  EM pumps a n d   t y p i c a l   v a l u e s ,   e v e n   f o r   c a r e f u l l v   d ? s i g n e d  pumps, 
may b e   c o n s i d e r a b l y   h i g h e r .  

The t o t a l   p r e s s u r e   n e c e s s a r y   t o   a v o i d   c a v i t a t i o n  may be   expressed  

n 

P T - P v = ( l +  0); p v L + P   + P  ~e 90 

where PT i s  t h e   t o t a l   p r e s s u r e   ( s t a t i c   p l u s   d y n a m i c )   p r e s e n t   a t   t h e  pump 
e n t r a n c e ;  PL i s  t h e   p r e s s u r e   l o s s   b e t w e e n   t h e  pump e n t r a n c e   a n d   t h e   f i r s t  
p o i n t   i n   t h e  pumping   sec t ion  a t  which a p o s i t i v e   p r e s s u r e   g r a d i e n t  is developed;  
Pe i s  t h e   p e a k   v a l u e   o f   a n y   n e g a t i v e   p r e s s u r e   c a u s e d  by e l e c t r o m a g n e t i c   e n d  
c o n d i t i o n s .   I n   a n   a c  pump, Pe may have   bo th   an   ave rage   and   a   pu l sa t ing  
component.   In a dc  pump, i t  can   have   no   pu lsa t ing   component .   The   to ta l  
p re s su re   minus   t he   vapor   p re s su re ,PT  - P v , c o r r e s p o n d s   t o  NPSH. F o r   t u r b u l e n t  
f low,  PL may b e   w r i t t e n   i n   t e r m s   o f   v e l o c i t y   h e a d   a s  

PL = kc ( $ ) p v  2 91 

It  i s  d i f f i c u l t   t o   g e n e r a l i z e  o n   t h e   p r e s s u r e  loss between  the pump i n l e t  
a n d   t h e   e n t r a n c e   t o   t h e   p u m p i n g   s e c t i o n   s i n c e  it depends   upon   t he   conf igu ra t ion .  
The   pressure   loss ,   however ,  is p r o b a b l y   l e s s   t h a n   t h a t   a s s o c i a t e d   w i t h  a  sudden 
c o n t r a c t i o n   b e t w e e n   t h e   t w o   r e g i o n s .   F o r   t u r b u l e n t   f l o w ,  McAdams (Ref .   17)  
g i v e s   v a l u e s   o f   t h e   c o n t r a c t i o n  loss c o e f f i c i e n t  kc r a n g i n g   f r o m   z e r o   t o  0.5 
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w h e r e   P e   r e p r e s e n t s   a n   a p p a r e n t   i n c r e a s e   i n   v a p o r   p r e s s u r e   o f   t h e   f l u i d ,   a n d  K is  
a pump c a v i t a t i o n   p a r a m e t e r .  From t h e   p r e c e d i n g   d i s c u s s i o n ,  i t  a p p e a r s  
t h a t   t h e   v a l u e  of b o t h  Z and  kc will probab ly   be   approx ima te ly   0 .4 .  
U s i n g   t h i s  estimate, equation  92  becomes 

2 
P -  P + P  

T I .  e )  = 
93 

where  Pe i s  expec ted  t o  b e   a p p r o x i m a t e l y   o n e   p s i  o r  2 t o  3 f t  of   head 
f o r  most a l k a l i  metals. 

Refe rence  26 r e p o r t s   c a v i t a t i o n  t e s t  d a t a   o n  a f l a t   l i n e a r   i n d u c t i o n  pump 
r a t e d  a t  1200 gpm, 37   ps i ,   700°F  sodium.   F igure  34 is  r e p r o d u c e d   f o r   t h a t  
r e f e r e n c e .   T h i s   f i g u r e  shows t e s t  d a t a   f o r   t h e   r e l a t i o n s h i p   b e t w e e n  f l o w  
(or  f l u i d   v e l o c i t y )   a n d  a c a v i t a t i o n   p a r a m e t e r   w h i c h   t h e   a u t h o r s   d e f i n e d  
as  t h e  r a t i o  o f   t h e  t o t a l  h e a d   t o   t h e   v e l o c i t y   h e a d  a t  t h e   p o i n t  of i n c i p i e n t  
c a v i t a t i o n .   T h e   d a t a   p r e s e n t e d   i n   F i g u r e  34 were taken   wi th   sodium a t  700°F. 
A t  t h i s   t e m p e r a t u r e ,  the v a p o r   p r e s s u r e  i s  less t h a n   0 . 0 1   p s i .  
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From e q u a t i o n  92, t h e  ra t io  of to ta l  head  t o  v e l o c i t y   h e a d  may b e   w r i t t e n  

pT 
P + P  

V e - =  
2 K +  2 

i:2 i" 2 
V V 

94 

I n   F i g u r e  34, t h e   l e f t   s i d e   o f   e q u a t i o n  94 is p l o t t e d   a g a i n s t   f l o w   ( p r o p o r t i o n a l  
t o  v e l o c i t y ) .  From t h e   f i g u r e ,  i t  may be   deduced   t ha t  P / P  g i s  q u i t e   s m a l l ,  
app rox ima te ly  3 f t .  

e 

T h e   f o r e g o i n g   d i s c u s s i o n   d e a l s   e x c l u s i v e l y   w i t h   t h e   i n c e p t i o n   o f  
c a v i t a t i o n .   P r e s s u r e   i n  EM pumps i s  developed  by body   fo rces   exe r t ed   on  
t h e   f l u i d  b y   e l e c t r o m a g n e t i c   i n t e r a c t i o n ,   a n d   t h e   p r e s s u r e   g r a d i e n t  is 
a p p r o x i m a t e l y   c o n s t a n t   t h r o u g h o u t   t h e  pump s e c t i o n .  T h e   d e g r e e   o f   c a v i t a t i o n  
t o l e r a b l e  w i l l  p robably   be   l imi ted   by   mechanica l   damage   to   the   duc t  walls. 

The   conduct ion  pumps have  a s p e c i a l   p r o b l e m   i n   t h a t   c a v i t a t i o n   a p p a r e n t l y  
is i n t e n s i f i e d   i n   t h e   a r e a s   w h e r e   t h e   b u s   b a r s   c o n t a c t   t h e   d u c t  walls.  Seve re  
damage t o   t h e   d u c t   h a s   b e e n   e x p e r i e n c e d   i n   c o n d u c t i o n   p u m p s ,   p r o b a b l y  
b e c a u s e   o f   h i g h   o h m i c   h e a t i n g   i n   t h a t   a r e a .  No e v i d e n c e  of c a v i t a t i o n  damage 
h a s   b e e n   r e p o r t e d   f o r   t h e   s e v e r a l   i n d u c t i o n  pumps t e s t e d .  However,  comprehensive 
t e s t s  a r e   n e e d e d   t o   p r o v i d e   s o u n d  c r i te r ia  f o r   t h e   d e s i g n   o f  EM pumps f o r  
a p p l i c a t i o n s   r e q u i r i n g  low NPSH. U n t i l   t h e  t es t  d a t a  are  a v a i l a b l e ,   c a r e f u l  
d e s i g n   o f   t h e   h y d r a u l i c   i n l e t   r e g i o n   s h o u l d   p e r m i t   c a v i t a t i o n   f r e e   o p e r a t i o n  
a s   l o n g  as t h e  NPSH i s  a t   l e a s t  twice t h e   v e l o c i t y   h e a d  a t  t h e   e n t r a n c e   t o  
t h e  pumping   sec t ion  

6. R e l i a b i l i t v  

An i n h e r e n t l y   h i g h   r e l i a b i l i t y  i s  t h e   s t r o n g e s t   v i r t u e   o f   t h e  EM pump f o r  
a l k a l i   m e t a l s   s y s t e m s .   S i m p l i c i t y  ass i s t s  most i n   p r o v i d i n g   t h i s   h i g h  
r e l i a b i l i t y .   O t h e r   c o n t r i b u t i n g   f a c t o r s   i n c l u d e :   n o   m o v i n g   p a r t s ,   n o   b e a r i n g s ,  
n o  seals ,  a n d   f u l l y   h e r m e t i c   c o n t a i n m e n t  of t h e  pumped f l u i d .   E l e c t r o m a g n e t i c  
pumps of c e r t a i n   t y p e s ,   h o w e v e r ,   h a v e   f a i l e d   i n   s e r v i c e   a n d   t h e s e   f a i l u r e s  
d e m o n s t r a t e   c e r t a i n   r e l i a b i l i t y   p r o b l e m s   t h a t   m u s t   b e   c o n s i d e r e d   i n  pump 
s e l e c t i o n   a n d   d e s i g n .  

I n   t h e   i n i t i a l   s e l e c t i o n  of EM pump t y p e s ,   r e l i a b i l i t y   c o m p a r i s o n   h a s  
s e r v e d   a s  a g u i d e .  Here, t h e  number of f a i l u r e  mechan i sms   and   t he   s eve r i ty  
o f   f a i l u r e ,   t o g e t h e r   w i t h   e x p e r i e n c e   i n   c o n v e n t i o n a l  EM pumps,  have  been  the 
k e y   c o n s i d e r a t i o n s .   T h e s e   c o n s i d e r a t i o n s   a r e   r e v i e w e d   b e l o w .  
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1) Loss of pump c o o l i n g  would a d v e r s e l y  a f fec t  any   o f   t he  pumps  by 
i n c r e a s i n g   c o i l   r e s i s t i v i t i e s ,   r e d u c i n g   m a g n e t i c   m a t e r i a l   p e r f o r m a n c e ,  
a n d   d e t e r i o r a t i n g   e l e c t r i c a l   i n s u l a t i o n .  The p o l y p h a s e   c o n f i g u r a t i o n s  
would  be most suscep t ib l e ,   however ,   because  of t h e   g r e a t e r   c o m p l e x i t y  
o f   c o i l s   a n d   e l e c t r i c a l   i n s u l a t i o n   s y s t e m s   a n d   t h e i r   p r o x i m i t y   t o   t h e  
h o t   d u c t .  

2) I n t e r r u p t i o n  of f l o w   i n   t h e   d u c t  is most  damaging t o   t h e   c o n d u c t i o n  
type  pump because  of t h e   h i g h   c u r r e n t   d e n s i t y  a t  the   duc t - to -bus   connec t ion .  
F l u c t u a t i o n s   i n   f l o w   c a n   c a u s e   s u d d e n   l o c a l   t e m p e r a t u r e   e x c u r s i o n s   b e c a u s e   o f  
t h e   h i g h   o h m i c   h e a t i n g  a t  t h e   j o i n t   b e t w e e n   t h e   c u r r e n t   c o n d u c t o r   a n d   d u c t  
wall. T h i s   t y p e   f a i l u r e  is common i n   c o n d u c t i o n  pumps o p e r a t i n g  a t  h i g h  
tempera tures   and   low NPSH a n d   u s u a l l y   r e s u l t s   i n   d u c t   l e a k a g e  a t  t h e   e l e c t r o d e  
connec t ion .  

3) P r e s s u r e   f l u c t u a t i o n s   a c r o s s   t h e   d u c t  walls c a n   f a t i g u e   t h e   d u c t .  
The d u c t   c o n f i g u r a t i o n   m o s t   s u s c e p t i b l e  is t h e   f l a t   i n d u c t i o n  pump where  the 
m e c h a n i c a l   a r r a n g e m e n t   a l l o w s   d u c t   w a l l   s u p p o r t   a g a i n s t   i n t e r n a l   p r e s s u r e  
o n l y .   R e v e r s a l   o f   t h e   p r e s s u r e   c a n   d e f o r m   t h e   d u c t .  V e r y  l a r g e   c o n d u c t i o n  
pumps have a similar d u c t   w e a k n e s s   a n d   a r e   a l s o   s u b j e c t   t o   t h i s   p r o b l e m .  
Pumps o p e r a t i n g   o n   s i n g l e   p h a s e   p o w e r   e x p e r i e n c e   g r e a t e r   p u l s a t i o n   i n   t h e i r  
deve loped   head   t han   o the r   t ypes   o f  pumps. 

4)  O v e r p r e s s u r e   i n s i d e   t h e   d u c t  is  n o t  a s e r i o u s   t h r e a t   t o   a n y  of t h e  
pumps s i n c e   t h e   d u c t s   c a n   b e   d e s i g n e d   f o r   t h e  same p r e s s u r e   a s   o t h e r   c o m p o n e n t s  
i n   t h e   l o o p .  However,  some configurat ions  of   the   moving  magnet  pump make 
m e c h a n i c a l   s u p p o r t   o f   t h e   d u c t   d i f f i c u l t .   I f   d e f o r m e d ,   t h e   d u c t  may i n t e r f e r e  
w i t h   t h e   r o t o r   a n d   t h u s   c a u s e  pump f a i l u r e .  

5 )  O v e r t e m p e r a t u r e   i n   t h e  pumped f l u i d ,   p r o b a b l y   a p p l i c a b l e   o n l y   t o   t h e  
p r imary   coo lan t ,   wou ld   r educe   t he   pe r fo rmance   and  l i f e  of a l l   t y p e s  of pumps. 
The conduc t ion  pump, however ,   would  be  most   immediately  affected  and  fa i lure  
wou ld   p robab ly   i nvo lve   t he   duc t - to -bus   connec t ion .  

6 )  Mechanical   shock  poses  a s e r i o u s   t h r e a t   t o   t h e   m o v i n g   m a g n e t  pumps 
b e c a u s e   o f   t h e   w e i g h t   a n d   c o m p l e x i t y   o f   t h e   r o t a t i n g   m a g n e t i c   s t r u c t u r e s .  
Fo r   adequa te   pe r fo rmance ,   such  pumps r e q u i r e  a c l o s e   c l e a r a n c e   b e t w e e n   t h e  
r o t o r  a n d   d u c t   w a l l .   M i s a l i g n m e n t   c o u l d   r e s u l t   i n  a c o n t a c t   b e t w e e n   t h e   r o t o r  
a n d   t h e   d u c t  w a l l .  

7 )  Bea r - ing -   l ub r i can t  or seal f a i l u r e  is a p p l i c a b l e   o n l y   t o   t h e  moving 
magnet  pumps,and t h e   f a i l u r e  mechanism i s  obvious .  

The p r e c e d i n g   r e v i e w   i n d i c a t e s   t h a t  as a c l a s s ,   t h e   i n d u c t i o n  pumps have,  
p o t e n t i a l l y ,   t h e   h i g h e s t   r e l i a b i l i t y .  I t  must   be  recognized,   however ,   that  
s i n g l e   p h a s e   i n d u c t i o n  pumps are r e l a t i v e l y  unknown s i n c e   n o   o p e r a t i n g  
e x p e r i e n c e  is a v a i l a b l e   t o   g u i d e   t h e   r e l i a b i l i t y   a n a l y s e s .  On t h e   o t h e r   h a n d ,  

-49- 



much favorab le   expe r i ence   has   been   accumula t ed   on   po lyphase   i nduc t ion   pumps .  

I n   a d d i t i o n   t o   p r o v i d i n g  a g u i d e   f o r   s e l e c t i o n ,   t h e   f o r e g o i n g   d i s c u s s i o n  
a l s o   p o i n t s   u p   t h o s e  areas of   weakness   where  design  and  development   can 
m i t i g a t e  or even   e l imina te   t he   weakness .   Fo r   example ,   t he   deve lopmen t   o f  
a h i g h e r   t e m p e r a t u r e   i n s u l a t i o n   s y s t e m ,   a l l o w i n g   t h e   p o l y p h a s e  pump wind ings  
t o  re jec t  h e a t  t o  t h e   1 2 0 0  OF pumped f l u i d ,  would s u b s t a n t i a l l y   e l i m i n a t e  
damage   caused   by   loss   o f   cool ing .  O r ,  as a n o t h e r   e x a m p l e ,   t h e   d e v e l o p m e n t  
o f   b e t t e r   d u c t   c o n n e c t i o n s   c o u l d   s u b s t a n t i a l l y   i m p r o v e   r e l i a b i l i t y   o f   t h e  
c o n d u c t i o n   p u m p s .   F u r t h e r   r e l i a b i l i t y   s t u d y   m u s t   a w a i t   m o r e   d e t a i l e d  pump 
d e s i g n s .   F i n a l   p r o o f   o f   r e l i a b i l i t y   m u s t   b e   o b t a i n e d   t h r o u g h   e n d u r a n c e  
t e s t i n g .  

7 .  Choice  of  Pump T v p e s   f o r   A n a l v s i s  

The f o r e g o i n g   s u r v e y   i n d i c a t e d   t h a t  EM pumps can  be d e s i g n e d   i n  a large 
n u m b e r   o f   t y p e s   a n d   c o n f i g u r a t i o n s .   D e t a i l e d   a n a l y s i s   o f  a l l  t y p e s   t o   i n s u r e  
t h e   b e s t   s e l e c t i o n   f o r   e a c h   a p p l i c a t i o n   w o u l d   b e  a p r o d i g i o u s   t a s k .   B u t  
many o f   t he  pumps d i s c u s s e d   i n   t h e   s u r v e y   h a d   o n e   o r  more c h a r a c t e r i s t i c s  
u n a c c e p t a b l e   f o r   s p a c e   p o w e r   a p p l i c a t i o n s   a n d ,   t h u s ,  were d i s q u a l i f i e d   f r o m  
f u r t h e r   c o n s i d e r a t i o n .  To a i d   i n   t h i s   f i r s t   s e l e c t i o n ,   t h e  pumps were 
c l a s s i f i e d   i n t o   t e n   b a s i c   t y p e s .   F i g u r e  35 i l l u s t r a t e s   t h e  method of 
c l a s s i f i c a t i o n .  The f i r s t   l e v e l  o f   d i v i s i o n ,   w h i c h   s e p a r a t e s  pumvs  by t h e  
manner i n  wh ich   cu r ren t  i s  i n t r o d u c e d   i n t o   t h e   f l u i d ,   e s t a b l i s h e s  two  main 
classes,  i . e . ,  conduc t ion   and   i nduc t ion .   Nex t ,   t he   fo rm of the  power i s  
considered.   Under   conduct ion  pumps,   two  forms are p o s s i b l e ;   u n d e r   i n d u c t i o n  
p u m p s ,   t h r e e   f o r m s .   F i n a l l y ,   t h e  l as t  d i v i s i o n  i s  made o n   t h e   b a s i s   o f   t h e  
m a g n e t i c   f i e l d   o r   t h e   s h a p e   a n d   a r r a n g e m e n t   o f   t h e   f l u i d   p a s s a g e s   w i t h i n   t h e  
f i e l d .  

Comparing  the pump c h a r a c t e r i s t i c s   w i t h i n   t h e  t w o  m a i n   d i v i s i o n s ,   t h e  
conduc t ion  pumps are less a t t r a c t i v e   b e c a u s e   o f   r e l i a b i l i t y   a n d   p o w e r  
c o n d i t i o n i n g   d i f f i c u l t i e s .  However, t h e   e l e c t r o m a g n e t i c   d c   c o n d u c t i o n  pump 
s h o u l d   p r o v i d e  minimum weight   and  maximum e f f i c i e n c y .   T h e   d c   c o n d u c t i o n  
pump, t h e r e f o r e ,  was c a r r i e d   t h r o u g h   t h e   f u l l   d e t a i l e d   a n a l y s i s   a n d   f i n a l  
s e l e c t i o n   p r o c e s s  as a s t anda rd   o f   compar i son .   O the r   conduc t ion  pumps were 
d i s c a r d e d .  

Among the   induct ion   pumps ,   the   moving   magnet   types  were d i s c o u n t e d   s i n c e  
t h e   p r e s e n c e  of moving p a r t s   i n t r o d u c e s   a d d i t i o n a l  modes  of f a i l u r e   n o t  
b u r d e n i n g   t h e   s t a t i c   t y p e s .   F i n a l l y ,   t h e   s p i r a l   p o l y p h a s e  pump was e l i m i n a t e d  
because  i t  s e r v e s   t h e  same a p p l i c a t i o n s   a s   t h e   h e l i c a l   p o l y p h a s e   t y p e ,   w i t h  
n o   a d v a n t a g e ,   b u t   w i t h   a d d i t i o n a l   p r o b l e m s   i n   d e s i g n   a n d   m a n u f a c t u r e .  
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C. P e r f o r m a n c e   P r e d i c t i o n   P r o c e d u r e s  

1. Direct Cur ren t   Conduc t ion  Pump 
~~ 

Analyses  of t h e   p e r f o r m a n c e   o f   d i r e c t   c u r r e n t   c o n d u c t i o n  EM pumps a p p e a r  
i n   s e v e r a l   r e f e r e n c e s   ( R e f s .  27 th rough  30). S i n c e   n o n e   o f   t h e   r e f e r e n c e s  
p r o v i d e   s u f f i c i e n t   d e t a i l   f o r   c o m p l e t e   d e s i g n   a n d   p e r f o r m a n c e   c a l c u l a t i o n ,  
a n   a n a l y s i s  w a s  completed  and i s  t h e   b a s i s   f o r   t h e   c o n d u c t i o n  pump d e s i g n  
a n d   p e r f o r m a n c e   d a t a   g i v e n   i n   t h i s   r e p o r t .  The a n a l y s i s  is summarized i n  
t h i s   s e c t i o n .  Any c o n s i s t e n t   s y s t e m   o f   u n i t s  may b e   u s e d   i n   t h e   a n a l y s i s .  

The conduc t ion  EM pump c o n f i g u r a t i o n   c o n s i d e r e d  is shown i n   F i g u r e  36. 
E x c i t a t i o n  is provided  by a series winding  of N t u r n s   c a r r y i n g   t h e   t o t a l   c u r r e n t  
I . The pump  may be   e i ther   compensa ted   o r   uncompensa ted .   For   compensa ted  
pumps, t he   compensa t ion  i s  assumed t o   b e   p e r f e c t ,   a l t h o u g h   t h i s  i s  d i f f i c u l t  
t o  a c h i e v e   i n   p r a c t i c e .  The g r o s s   e f f e c t s   o f   t h e   c u r r e n t   a n d   f l u x   f r i n g i n g  
i n t o   t h e   f l u i d  and   duc t  walls o u t s i d e   t h e  pumping s e c t i o n  are c o n s i d e r e d ,   b u t  
t h e   i n t e r r e l a t i o n s h i p s   b e t w e e n   t h e   f r i n g i n g   c u r r e n t   a n d   f l u x   f i e l d s  are 
n e g l e c t e d .  

The e q u i v a l e n t   c i r c u i t   i n   F i g u r e  37 i s  used as a n   a i d   i n   d e v e l o p i n g   t h e  
a n a l y s i s   a n d   c a l c u l a t i n g  pump per formance .   Us ing   F igure  37, t h e  pump 
c u r r e n t  I may be r ega rded  as t h e  sum of three   components :  If , which 
p a s s e s   t h r o u g h   t h e   f l u i d   i n   t h e  pumping s e c t i o n ;  I f r  , which i s  t h e  to ta l  
f r i n g i n g   c u r r e n t   i n   t h e   f l u i d   ( o u t s i d e   t h e  pumping s e c t i o n ) ;   a n d  Id , which 
i s  t h e   c u r r e n t   i n   t h e   d u c t  walls.  The c u r r e n t   i n   t h e  pumping s e c t i o n  If 
is opposed  by a g e n e r a t e d   v o l t a g e  Vg c a u s e d   b y   t h e   m o t i o n   o f   t h e   f l u i d  
i n   t h e   m a g n e t i c   f i e l d .  The r e s i s t a n c e s  of t h e   f l u i d   i n   t h e  pumping s e c t i o n ,  
t h e   f l u i d   f r i n g i n g   r e g i o n ,   a n d   t h e   d u c t  walls are Rf , R f r  , and R d ,  
r e s p e c t i v e l y .  The r e s i s t a n c e  of t h e   c i r c u i t   e x t e r n a l   t o   t h e  pump d u c t  Re 
c o n s i s t s  of e l e c t r o d e s ,   e x c i t i n g   w i n d i n g ,   l e a d s ,   a n d  a l l  a s s o c i a t e d   p a r t s .  
The c a l c u l a t i o n  of t h e   r e s i s t a n c e s  Rf , R f r  , and Rd i s  d i s c u s s e d   i n  
s e v e r a l   r e f e r e n c e s   ( R e f s .  27,  28 ,  29,  31, 32). T h e   a p p r o a c h   u s e d   i n   t h i s  
a n a l y s i s  i s  similar t o  t h a t   u s e d  by Blake  (Ref .  27) and Watt (Ref .  28 ) .  
T h e s e   r e s i s t a n c e s  are d e f i n e d  as f o l l o w s :  
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95 

b 
Rd = krd "d 2tc 

Blake's  Figure 13 (Ref. 2 7 )  and  Watt's  Figure 11 (Ref. 28) are  suitable 
for  evaluation  of  the  constants, krf , krfr, and  krd . The calculation 
of Re is straightforward. 

Flow Q and  developed  pressure P are  given by 

Q = abv 

P = P + P  
o h  

96 

97 

98 

99 

Po is  the  net  pressure  output of the pump.  Hydraulic  pressure  drop Ph 
may  be  calculated  from  Section III.B.4. 

Inspecting  Figures 37 and 38, the  following  relationships  may  be  written 
for a  fully  compensated  pump. 

V = B b ~ = -  
g g  g 

'bv kb N I 

If 
= kar a 

L 

From  equations 100 and 102, 

100 

101 

102 

103 
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where  kb  and kar a r e   a r m a t u r e   r e a c t i o n   c o n s t a n t s .   B o t h   a r e   1 . 0   f o r   f u l l y  
compensated  pumps.   The  analysis  w i l l  d e m o n s t r a t e   t h a t   t h e s e   e q u a t i o n s  
hold   for   uncompensa ted   pumps .   Express ions   fQr   kb   and   kar  w i l l  be   deve loped .  
T h e   r e l a t i o n s h i p s   o f   e q u a c i o n s   9 5   t h r o u g h   1 0 3   p l u s   e x p r e s s i o n s   f o r  kb  and 
kar , u s e d   i n   c o n j u n c t i o n  w i t h  e l e m e n t a r y   a n a l y s i s   o f   t h e   c i r c u i t   i n   F i g u r e  
3 7 ,   a r e   s u f f i c i e n t   f o r   c a l c u l a t i n g   t h e   p e r f o r m a n c e   o f  dc conduc t ion  pumps. 

T h e   d e v e l o p m e n t   o f   e x p r e s s i o n s   f o r   k b   a n d   k a r   r e q u i r e s   c o n s i d e r a t i o n  of 
t h e   d i f f e r e n t i a l   r e l a t i o n s h i p s   b e t w e e n   t h e   e l e c t r o m a g n e t i c   q u a n t i t i e s   i n   t h e  
pumping s e c t i o n ,  shown i n   F i g u r e  38. C o n s i d e r i n g   o n l y   t h e  y  component  of 
m a g n e t i c   f i e l d   s t r e n g t h ,   t h e  x componen t   o f   cu r ren t   dens i ty ,   t he  z 
componen t   o f   ve loc i ty ,   and   neg lec t ing  a l l  v a r i a t i o n s   o f   t h e s e   q u a n t i t i e s  
w i th  x  and y , 

" 
a 
g 

i 

g 
d 
" 

The   so lu t ions   o f   equa t ions   104   and   105   a r e  

H = K + K e  262 
1 2  

j = d - 28; K e 
i g 2 Bz 
- 2 a 

where 

The c o n s t a n t s  K 1  and K2 may b e   e x p r e s s e d   i n  terms o f   t h e   a v e r a g e   v a l u e s ,  
Hav and jav , by 

Hav 
- -  - C [ H d z  

r C  

- 1 '  
J av 

- -  j dz  

104 

105 

106 

107 

108 

109 

110 
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R e c o g n i z i n g   t h a t  

i t  f o l l o w s   t h a t  

T h e   v a l i d i t y   o f   e q u a t i o n   1 0 1   f o r   u n c o m p e n s a t e d  pumps may be  tested by 
e x a m i n i n g   t h e   e x p r e s s i o n  

Vd = CC v Hav b + p  f ca I f  

B u t  

Hence, 

Vd = V + R  
g  f I f  

111 

112 

113 

114 

115 

116 

117 

T h i s   j u s t i f i e s   t h e   u s e   o f t e q u a t i o n  101 for   uncompensated pumps. I n   t h e  
e q u i v a l e n t   c i r c u i t ,   t h e  Rf i s  r e p l a c e d  by Rf f rom  equat ion  95 t o   a c c o u n t   f o r  
c u r r e n t   f r i n g i n g   a t   t h e   e n d s   o f   t h e   p u m p i n g   s e c t i o n .  
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I t  i s  n e c e s s a r y  t o  r e l a t e  H t o  t h e   e x c i t i n g  m.m.f. a v  

A t  z = 0, 

A t  z = C,  

118 

119 

From F i g u r e  38. it may be  shown t h a t  , a p p r o x i m a t e l y ,  

120 

Thus ,   f rom  equat ions  118 and  120, 

Then, 

1 

N I  
Hav b 7  

= k  

121 

122 
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where 
I 

From equa t ions   116   and   122 ,   con f i rming   equa t ion  99, 

T h e   e l e c t r i c a l   p r e s s u r e  i s  

= %  

H j  dz  

S u b s t i t u t i n g   f r o m   e q u a t i o n s   1 1 2   a n d  113, i n  t e g r a t i n g ,   a n d   r e a r r a n g i n g ,  

T h e n ,   a s   i n   e q u a t i o n   1 0 2 ,   i f  

I f  
1 

P = k  f 
a r  ' Hav - - k a r   B g  

a r  

123 

124 

125 

126 

127 

128 
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S u b s t i t u t i n g   f r o m   e q u a t i o n  122 i n   e q u a t i o n  128, 

129 

If I fr I d  T h e   c u r r e n t   r a t i o s  - - - may b e   c a l c u l a t e d   f r o m   t h e   e q u i v a l e n t  I '  I ' I  
c i r c u i t   i n   F i g u r e  37. For   convenience ,  le t  

pbvkbN 
k =  

V g 

Then ,   equa t ion  101 becomes 

V = kv I 
g 

From a n a l y s i s  of t h e   c i r c u i t   i n   F i g u r e  37, 

1 

If - =  
I 

k 

130 

13 1 

132 

133 

134 
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T h i s   c o m p l e t e s   t h e   c a l c u l a t i o n   o f   a r m a t u r e   r e a c t i o n   e f f e c t s .  

Pump o u t p u t   a n d   h y d r a u l i c   l o s s ,   i n  wat ts ,  where Q and  P are 
g a l l o n s   p e r   m i n u t e   a n d   p o u n d s   p e r   s q u a r e   i n c h ,   r e s p e c t i v e l y ,   a r e  

W = 0.435  Po& 
0 

W h  = 0.435 PhQ 

The   va r ious  e lec t r ica l  l o s s e s   i n   t h e  pump  may b e   c a l c u l a t e d   c o n v e n i e n t l y  
f r o m   t h e   e q u i v a l e n t   c i r c u i t   i n   F i g u r e   3 7 .  

2 
Wd = Id Rd 

we = I Re 
2 

The f l u i d  loss i n   t h e  pumping s e c t i o n  i s  

W f  = Vd If  - [ w o  + W h )  

The  power  input  i s  

WT = V I  

T h e   e f f i c i e n c y  i s  

W 

- w  
0 7 -  - 
T 

135 

136 

137 

138 

139 

140 

14 1 

142 
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R e l a t i o n s h i p s   s u f f i c i e n t   f o r   p e r f o r m a n c e   c a l c u l a t i o n   o f   b o t h   c o m p e n s a t e d  
and  uncompensated  conduction pumps have  now been  developed.   The  procedure 
is  summarized a s   f o l l o w s   f o r   a n   a s s u m e d   c o n f i g u r a t i o n   a n d   f l u i d   a n d   t h e  
d e s i r e d   p r e s s u r e   a n d   f l o w :  

1 )   C a l c u l a t e   a l l   p a r a m e t e r s   f o r   t h e   c i r c u i t   i n   F i g u r e  37. 

2) C a l c u l a t e  P from equa t ion   99 .  

3 )   C a l c u l a t e   t h e   t o t a l   c u r r e n t  I . For  compensated  pumps, 
kb = ka, = 1 . 0 .   H e n c e ,   t h i s   c a l c u l a t i o n  may be  made 
d i r ec t ly   u s ing   equa t ions   130 ,   132   and   103 .  For uncom- 
pensa ted  pumps,  an i t e r a t i v e   c a l c u l a t i o n  i s  r e q u i r e d  
be tween  equat ions   123 ,   130 ,   132 ,  133, and  134  and f o r  
kb .   Cur ren t  I may t h e n   b e   c a l c u l a t e d   d i r e c t l y   u s i n g  
equat ions   123 ,   129 ,   130 ,   132 ,  133, 134  and  103. 

4 )   M a g n e t i c   c a l c u l a t i o n s   f o r   f r i n g i n g   f l u x   d e n s i t y   i n   t h e  
magnet, m . m . f .  d r o p   i n   t h e   m a g n e t ,   e x c i t i n g   w i n d i n g  
l e n g t h ,   e t c .   s h o u l d   b e  made  by s t a n d a r d   p r o c e d u r e s .  

5 )   C a l c u l a t e   a l l   l o s s e s   i n   a c c o r d a n c e   w i t h   e q u a t i o n s   1 3 5  
th rough   141  .. 

2 .   Po lyphase   Induc t ion  Pumps 

I n   S e c t i o n   I I I . A . 4   t h e   b a s i c   p o l y p h a s e   i n d u c t i o n  pumping c o n f i g u r a t i o n s  
a r e   d e s c r i b e d   a n d   i l l u s t r a t e d .   I n   S e c t i o n  V ,  p r e l i m i n a r y   d e s i g n s   a n d  
p e r f o r m a n c e   p r e d i c t i o n   c a l c u l a t i o n s   a r e   r e p o r t e d   f o r   t h r e e   o f   t h e s e   c o n f i g -  
u r a t i o n s :   f l a t   l i n e a r ,   a n n u l a r   l i n e a r ,   a n d   h e l i c a l   i n d u c t i o n  pumps.  These 
c a l c u l a t i o n s  were made wi th   computer   p rograms  deve loped   dur ing   the   pas t  
f i f t e e n   y e a r s   a n d   u s e d  much of t h a t  time i n   t h e   d e s i g n  of i n d u c t i o n  pumps 
f o r   v a r i o u s   a p p l i c a t i o n s .  

Re fe rence  27 g ives   an   exce l l en t   deve lopmen t   and   p re sen ta t ion  of t h e   b a s i c  
e l e c t r o m a g n e t i c   r e l a t i o n s h i p s   i n   p o l y p h a s e   i n d u c t i o n  pumps. H e l i c a l   ( s p i r a l ) ,  
f l a t ,  and   annu la r  pumps a r e   c o n s i d e r e d .  A more d e t a i l e d   a n d   t h o r o u g h   a n a l y s i s  
o f   f l a t   i n d u c t i o n  pumps i s  g i v e n   i n   R e f e r e n c e  33, which treats b o t h   t r a n s v e r s e  
e n d   ( s i d e )   e f f e c t s   t h a t   a r i s e  when an   end   r i ng  i s  n o t   p r e s e n t   a t   t h e   d u c t  
s i d e s   a n d   l o n g i t u d i n a l   e n d   e f f e c t s   c a u s e d  by t h e   d i s c o n t i n u i t i e s   i n   t h e  
m a g n e t i c   f i e l d   a t   t h e   e n d s   o f   t h e   p u m p i n g   s e c t i o n .   R e f e r e n c e   3 4  i s  a  math- 
e m a t i c a l   a n a l y s i s   o f   l o n g i t u d i n a l   e n d   e f f e c t s   i n   f l a t   l i n e a r   i n d u c t i o n  
g e n e r a t o r s   i n   w h i c h   t h e   a s s u m e d   e x c i t i n g   c u r r e n t   s h e e t s   e x t e n d   u n i f o r m l y  
o v e r   t h e   e n t i r e   l e n g t h   o f   t h e   g e n e r a t o r .   R e f e r e n c e   3 5   r e p o r t s  a v e r y   d e t a i l e d  
t r e a t m e n t   o f   l o n g i t u d i n a l   e n d   e f f e c t s .   E x t e n s i v e   n u m e r i c a l   c a l c u l a t i o n  i s  
i n v o l v e d ,   a n d   t h e   r e s u l t s   a r e   n o t   d i r e c t l y   a p p l i c a b l e   t o   t h e   g e n e r a l   c a s e .  
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T h e   p e r f o r m a n c e   p r e d i c t i o n   p r o c e d u r e   u s e d   i n   t h e   c a l c u l a t i o n   o f   h e l i c a l  
i n d u c t i o n  pump per formance  was d e v e l o p e d   d u r i n g   t h e   p a s t   f i v e   y e a r s .   T h i s  
p r o c e d u r e   t a k e s   i n t o   a c c o u n t   t h e   e n d   e f f e c t s   c a u s e d  by i m p e r f e c t   e n d   r i n g s  a t  
t h e   a x i a l   e x t r e m i t i e s   o f   t h e  pumping s e c t i o n ;   e n d   e f f e c t s   c a u s e d  by d i s c o n t i n -  
u i t i e s   i n   e l e c t r o m a g n e t i c  body f o r c e  a t  t h e   e n d s   o f   t h e   h e l i c a l   f l o w   p a s s a g e s ;  
t h e   n e g a t i v e   p r e s s u r e   g r a d i e n t   c a u s e d  by t h e   a x i a l   v e l o c i t y   o f   t h e   f l u i d   i n   t h e  
m a g n e t i c   f i e l d ;   t h e   e f f e c t   o f   t h e   c u r v a t u r e   o f   t h e   c o n f i g u r a t i o n   o n   t h e  
m a g n e t i c   f i e l d ;   t h e   p r i n c i p a l   m u t u a l   e f f e c t s   o f   t h e   v a r i o u s   d u c t   w a l l ,  
s t a t o r   c a n ,   a n d   f l u i d   c u r r e n t s .   O t h e r   r e f i n e m e n t s   f r e q u e n t l y   n e g l e c t e d  
i n   a p p r o x i m a t e   p e r f o r m a n c e   c a l c u l a t i o n   p r o c e d u r e s  are a l s o   i n c o r p o r a t e d  
h e r e .   T h i s   p r o c e d u r e   h a s   b e e n   u s e d   i n   c o n j u n c t i o n   w i t h   t h e   d e s i g n   o f  
h e l i c a l   i n d u c t i o n  pumps o p e r a t i v e   s i n c e   1 9 6 2 .   H i g h l y   s u c c e s s f u l   o p e r a t i o n  
o f   t h e s e  pumps c o n f i r m s   t h e   v a l i d i t y   o f   t h e   p e r f o r m a n c e   p r e d i c t i o n   p r o c e d u r e .  

T h e   p e r f o r m a n c e   p r e d i c t i o n   p r o c e d u r e   u s e d   i n   t h e   c a l c u l a t i o n s   o f   a n n u l a r  
and f l a t   i n d u c t i o n  pump per formance   evolved   f rom  the   deve lopment   o f   the  
l a r g e   f l a t   i n d u c t i o n  pumps u s e d   i n   t h e   n u c l e a r   s u b m a r i n e  USS Seawol f .  It 
h a s   b e e n   e m p l o y e d   i n   c a l c u l a t i n g   p e r f o r m a n c e   o f   t h e  pump u s e d   i n   t h e  
Exper imen ta l   Breede r   Reac to r - I1   s econda ry   l oop   and   i n   numerous   o the r  
a p p l i c a t i o n s   o f   f l a t   e l e c t r o m a g n e t i c   s t a t o r s .   P r e s e n t l y ,   t h e   p r o c e d u r e  
i s  programmed f o r   d i g i t a l   c o m p u t e r   c a l c u l a t i o n   a n d   t h e   c a l c u l a t i o n s   r e p o r t e d  
h e r e  were made  by c o m p u t e r .   T h e   s i d e   e f f e c t s   c a u s e d  by i m p e r f e c t   e n d   r i n g s ,  
t h e   e n d   e f f e c t s   c a u s e d  by t h e   d i s c o n t i n u i t i e s  of t h e   e l e c t r o m a g n e t i c   f i e l d  
a t   t h e   a x i a l   e x t r e m i t i e s   o f   t h e  p u m p i n g   s e c t i o n ,   t h e   e f f e c t   o f   t h e   a i r   g a p  
t o   p o l e   p i t c h   r a t i o  on t h e   e l e c t r o m a g n e t i c   f i e l d   d i s t r i b u t i o n ,   a n d   t h e   m u t u a l  
e f f e c t s   o f   s t a t o r   c a n   a n d   f l u i d   c u r r e n t s   a r e   t a k e n   i n t o   a c c o u n t .  

T e m p e r a t u r e   d i s t r i b u t i o n   c a l c u l a t i o n s   f o r   t h e   w i n d i n g s   o f   h e l i c a l ,   f l a t ,  
a n d   a n n u l a r   i n d u c t i o n  pumps were also  developed  and  programmed  for   computer  
s o l u t i o n   b e f o r e   t h i s   s t u d y  was i n i t i a t e d .   T h e   c a l c u l a t i o n s   o f   w i n d i n g  
t e m p e r a t u r e   a n d   h e a t   t r a n s f e r r e d   t o   t h e   c o o l a n t   r e p o r t e d   i n   S e c t i o n  V were 
made  by us ing   these   computer   p rograms.  

T h e   b a s i c   i n d u c t i o n  pump r e l a t i o n s h i p s  are d e v e l o p e d   i n   t h e   f o l l o w i n g  
b r i e f   a n a l y s i s .  An i d e a l i z e d  pump w i t h o u t   s i d e   a n d   e n d   e f f e c t s  i s  c o n s i d e r e d ,  
s i n c e   t r e a t m e n t   o f   t h e s e   e f f e c t s   e x c e e d s   t h e   s c o p e   o f   t h i s   r e p o r t .   T h e  
c o n f i g u r a t i o n   c o n s i d e r e d  i s  shown i n   F i g u r e  39. P o l y p h a s e   a c   c u r r e n t s  are 
s u p p l i e d   t o   d i s t r i b u t e d   w i n d i n g s   t o   p r o d u c e  a t r a v e l i n g  wave of   m.m.f .   ac ross  
the   magne t i c   gap .  I t  is c o n v e n i e n t   t o   r e p l a c e   t h e   d i s t r i b u t e d   e x c i t i n g   w i n d i n g  
w i t h  a t r a v e l i n g   c u r r e n t   s h e e t   w h i c h   p r o d u c e s  a space   fundamen ta l  m.m.f. e q u a l  
t o  t h a t   p r o d u c e d  by t h e   e x c i t e d   w i n d i n g ,   T h e   l i n e a r   c u r r e n t   d e n s i t y   i n   t h e  
c u r r e n t   s h e e t  is s i n u s o i d a l l y   d i s t r i b u t e d   w i t h  a maximum v a l u e  A, where 

2mkl NI 

h 
A =  143 
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m is the  number of phases, k l  is  the  winding  pitch  and  distribution 
factor, NIs  is the ampere  turns per  pole  per  phase in the  stator 
winding, and x is the  pole  pitch. The current  sheet  may  be  expressed 

144 

Neglecting  variations in H and z with y and x and  all  components 
of H and j , except Hy and j, , and  assuming a uniform  velocity v 
of the fluid in the z direction,  the  electromagnetic  field  relationships 
are expressed by the following: 

Letting 

ajd aH 

at ’d a. + p -  = 0 

2t  Pf Y = l + -  - 
a ’d 

equations 145, 146 and  147  may  be  combined  to  give 

14 5 

14 6 

147 

148 

149 
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Assuming 

equa t ion   149  may b e   s o l v e d   f o r  H1 , g i v i n g  

where 

and s l i p  s i s  

150 

151 

152 

153 

T h e   c u r r e n t   d e n s i t y   i n   t h e   f l u i d  may be   eva lua ted   f rom  equa t ions   146   and  
151,   assuming 

j 
! I 

I 
j f  = R e ,  J f l  e k t  - = I 

Then, 

154 

155 
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The t r b t a l   p r e s s u r e   i m p a r t e d   t o   t h e   f l u i d  by t h e   e l e c t r o m a g n e t i c   f i e l d ,  
which i s  t h e   o u t p u t   p r e s s u r e   p l u s   t h e   h y d r a u l i c   p r e s s u r e   d r o p ,  i s  g iven  by 

fC 

'0 

Where c i s  a n   i n t e g r a l   n u m b e r   o f   p o l e   p i t c h e s ,   t h e  time a v e r a g e   o f  P 
may b e   w r i t t e n   d i r e c t l y   f r o m   e q u a t i o n   1 5 5 :  

T h e n ,   s u b s t i t u t i n g   f o r  IH1l2 f rom  equat ion  151,  

l + K  
2 
1 

156 

157 

158 

The   f l ow  r a t e  may b e   w r i t t e n  

N e g l e c t i n g   h y d r a u l i c   p r e s s u r e   d r o p ,   t h e  power o u t p u t  i s  g iven  by t h e  
p roduc t   o f   equa t ions   158   and   159 ,  

160  
0 

1 + K1 
2 
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The power  and  reactive  volt  ampere  inputs  to the magnetic  gap  may be 
calculated  from  the  expressions 

161 

and 

162 

The choice  of  sign  in  equation 162 is arbitrary.  At the location of the 
current sheets, the following  applies 

Using  equations 150 and 163 and  assuming no variations  of E with x , 

164 

Substituting  expressions  for E1 and H1 , from  equations 164 and  151,  into 
equations 161 and 162 and simplifying,  gives t h e  expression: 

J v i =  
4 

1 + K1 2 
165 

166 
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The above   t r ea tmen t   comple t e s   t he   deve lopmen t   o f   t he   r e l a t ionsh ips   be tween   an  
e x c i t i n g   c u r r e n t   s h e e t  and t h e   f l u i d  and   duc t  walls i n   a n   i d e a l   i n d u c t i o n  pump. 
The c u r r e n t   s h e e t  i s  r e l a t e d   t o   t h e  pump wind ing   by   equa t ion   143 .   Fo r   any  
c h o s e n   s t a t o r ,   t h e   w i n d i n g   l o s s ,   i r o n   l o s s ,   a n d   w i n d i n g   r e a c t i v e   v o l t - a m p e r e s  
may b e   c a l c u l a t e d  by s t a n d a r d   p r o c e d u r e s .   W i t h   t h i s   i n f o r m a t i o n   a n d  the 
p r e c e d i n g   r e l a t i o n s h i p s ,   c o m p l e t e  pump per formance  may b e   c a l c u l a t e d .  

I n   a n   a c t u a l  pump,  end  and s i d e   e f f e c t s   d e g r a d e  pump p e r f o r m a n c e   r e l a t i v e  
t o   a n   i d e a l  pump. As i n d i c a t e d  ea r l i e r ,  some o f   t h e s e  e f fec ts  have  been 
t r e a t e d   a d e q u a t e l y   i n   t h e   l i t e r a t u r e   ( R e f s .  2 7 ,  33. 3 4 ,   3 5 ) .   F o r   o t h e r s ,  
p a r t i c u l a r l y   t h e   l o n g i t u d i n a l   e n d   e f f e c t ,   n o   s a t i s f a c t o r y   g e n e r a l   s o l u t i o n  
i s  a v a i l a b l e .  The f i e l d   e q u a t i o n s   f o r   s p e c i f i c  pump c o n f i g u r a t i o n s   a n d   f l o w  
c o n d i t i o n s   h a v e   b e e n   i n t e g r a t e d   n u m e r i c a l l y   t o   e v a l u a t e   l o n g i t u d i n a l   e n d  
e f f e c t s .   G e n e r a l   d e s i g n   g u i d e s  may b e   e s t a b l i s h e d  by f u r t h e r   u s e   o f   t h i s  
t e c h n i q u e .  

3. S i n g l e   P h a s e   I n d u c t i o n  Pump 

An a n a l y s i s   o f  a s i n g l e   p h a s e   i n d u c t i o n  pump w i t h   a n   a n n u l a r   d u c t  by 
D .  A .  Watt w a s   p u b l i s h e d   a s  a c l a s s i f i e d   d o c u m e n t   i n   1 9 5 3 .  A d e c l a s s i f i e d  
e d i t i o n  was p u b l i s h e d   i n  1956 ( R e f .   3 6 ) .  The c o n f i g u r a t i o n   t r e a t e d   i n   t h e s e  
r e f e r e n c e s  i s  shown i n   F i g u r e  40. A more   compact   conf igura t ion ,   deve loped  
d u r i n g   t h e   c o u r s e   o f   t h i s  EM pump d e s i g n   s t u d y ,  i s  shown i n   F i g u r e   4 1 .  
From a n   e l e c t r o m a g n e t i c   v i e w p o i n t ,   t h i s   c o n f i g u r a t i o n  i s  e q u i v a l e n t   t o   t h a t  
s t u d i e d  by Wat t .  I t  i s  more  compact   and  more  symmetr ical   and,   hence,   bet ter  
s u i t e d   t o   s p a c e   a p p l i c a t i o n   w h e r e   s i z e ,   w e i g h t ,   a n d   v o l t - a m p e r e   r e q u i r e m e n t s  
must  be  minimized. As i l l u s t r a t e d   i n   F i g u r e   4 1   b o t h   t h e   d u c t   a n d   t h e   e x c i t i n g  
c o i l  are a n n u l a r   i n   f o r m .  The b a s i c   m a g n e t i c   f l u x   p a t t e r n  i s  a x i a l  and   r ad ia l  
a n d ,   t h e r e f o r e ,   t h e   l a m i n a t i o n s   m u s t   b e   o r i e n t e d   w i t h   t h e i r   m a j o r   d i m e n s i o n s  
l y i n g   i n   p l a n e s   p a s s i n g   t h r o u g h  (or n e a r )   t h e   a x i a l   c e n t e r l i n e   o f   t h e  pump. 
To m i n i m i z e   h y d r a u l i c  and e l e c t r o m a g n e t i c   i n l e t   a n d   e x i t   l o s s e s ,   m u l t i p l e  
i n l e t  and o u t l e t   p i p e s   a r e   d e s i r a b l e .  The symmetry  of t h i s   c o n f i g u r a t i o n  i s  
such   t ha t   t he   complex   a r r angemen t   o f   chokes ,   desc r ibed  by Wat t ,   t o   min imize  
c i r c u l a t i n g   c u r r e n t s   i n   t h e   c o n f i g u r a t i o n   i n   F i g u r e   4 0  i s  unnecessa ry ,   p rov ided  
e n t r y   a n d   e x i t   p i p e s   a r e   a r r a n g e d   w i t h   a p p r o p r i a t e   s y m m e t r y .  

F i g u r e s   4 2   a n d   4 3   i l l u s t r a t e   o t h e r   c o m p a c t   s i n g l e   p h a s e   i n d u c t i o n  pump 
c o n f i g u r a t i o n s  similar t o   t h a t   i n   F i g u r e  41.  The  Type B c o n f i g u r a t i o n   i n  
F i g u r e   4 2 i s  somewhat  more  compact  than  Type A ,  b u t   t h i s   c o m p a c t n e s s  i s  
ach ieved  a t  the   expense   o f   poore r   pe r fo rmance .  The  Type C c o n f i g u r a t i o n  
shown i n   F i g u r e  43 h a s   e x c i t i n g   c o i l s   l o c a t e d   a t   e a c h   e n d   o f   t h e   a n n u l a r   d u c t .  

When t h e s e   c o i l s  are c o n n e c t e d   w i t h   t h e i r   m a g n e t o m o t i v e   f o r c e s   a i d i n g ,  
c o n s i d e r i n g   a x i a l   f l u x ,  Type C i s  e q u i v a l e n t   t o  two  Type A pumps h y d r a u l i c a l l y  
i n   p a r a l l e l .   S i m i l a r l y ,  when t h e   c o i l s  are connec ted   w i th   t he i r   magne tomot ive  
f o r c e s   o p p o s i n g ,  Type C i s  e q u i v a l e n t   t o  two  Type €3 pumps h y d r a u l i c a l l y   i n   p a r a l -  
l e l .  I n   e i t h e r  Case, pumping is f rom  the   ends   o f   the   duc t   toward   the   middle .  

- .  
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Compared  with  Types A and B ,  Type C pump d o e s   n o t   a p p e a r   t o   h a v e   a n y  
s i g n i f i c a n t   a d v a n t a g e s .  

T h e   a n a l y s i s   o f   t h e   p e r f o r m a n c e   o f   T y p e  A and B s i n g l e   p h a s e   i n d u c t i o n  
pumps p r o c e e d s   a l o n g   s i m i l a r   l i n e s   a n d  is e x e c u t e d   c o n c u r r e n t l y   b e l o w .   T h r o u g h o u t   t h i s  
a n a l y s i s ,   t h e   f o l l o w i n g   a s s u m p t i o n s   a r e  made: 

1) The   annular   duc t   and  a i r  g a p   c o n f i g u r a t i o n  may b e   t r e a t e d   a s  
a n   e q u i v a l e n t   r e c t a n g u l a r   c o n f i g u r a t i o n   a s  shown i n   F i g u r e  

d i a m e t e r  i s  n o r m a l l y   s e v e r a l   i n t e g r a l   m u l t i p l e s   o f   t h e  
a i r  g a p   r a d i a l   h e i g h t .  

44. T h i s   i n t r o d u c e s   n e g l i g i b l e   e r r o r   s i n c e   t h e   d u c t  

2 )   T h e   f l u x   d e n s i t y   i n   t h e   a i r   g a p   h a s  a  y  component  only. 

3) T h e   f r i n g i n g   f l u x   f i e l d   a t   e a c h   e n d   o f   t h e   d u c t  i s  n e g l i g i b l e .  

4 )  T h e   p e r m e a b i l i t y   o f   t h e   m a g n e t i c   c o r e  i s  assumed i n f i n i t e  
d u r i n g   t h e   a n a l y s i s   o f   t h e   a i r   g a p   r e g i o n .  A c o r r e c t i o n  
f o r  m.m.f. d r o p   i n   t h e   c o r e  may be  made l a t e r .  

5) F l u i d   a n d   d u c t   w a l l s   a r e   i s o t r o p i c   a n d   n o n m a g n e t i c   w i t h  
p e r m e a b i l i t i e s   t h e  same a s   f r e e   s p a c e .  

6 )   T h e   f l u i d   v e l o c i t y   h a s   a n  x  component  only  and i s  
independent   o f  y  and z . 

Root mean s q u a r e   v a l u e s   a r e   u s e d   f o r   a l l   s i n u s o i d a l l y   v a r y i n g   q u a n t i t i e s .  
Any c o n s i s t e n t   s y s t e m   o f   u n i t s  may b e   a p p l i e d   i n   t h e   a n a l y s i s .  

T h e   f o l l o w i n g   b a s i c   r e l a t i o n s h i p s  may b e   . w i t t e n  for t h e   c o n f i g u r a t i o n   i n  
F i g u r e  44 .  

167 
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F o r   a n   a s s u m e d   c o n f i g u r a t i o n   a n d   f l u i d   v e l o c i t y ,   e q u a t i o n s   1 6 7   a n d   1 7 0  relate 
t h e   f o u r  unknowns, E, 8 ,  j f ,  and jd  . They may be  combined t o   y i e l d  
o n e   e q u a t i o n   i n   o n e  unknown, d 

Assuming t h e   e x c i t i n g   v o l t a g e   s i n u s o i d a l   i n  time a n d   t h e   f l u i d   v e l o c i t y  
c o n s t a n t ,   t h e   s y s t e m  is l i n e a r  and t h e   r e s u l t i n g   f l u x  4 is  a l s o  
s i n u s o i d a l   i n  time. Thus,  

and 

For convenience ,  l e t  

171 

172 

173 

174 

T h e n ,   s u b s t i t u t i n g   t h e s e   r e l a t i o n s h i p s   i n   e q u a t i o n   1 7 1   a n d   d r o p p i n g   t h e  
R e  d e s i g n a t i o n ,   i n   t h e   c o n v e n t i o n a l   m a n n e r ,   e q u a t i o n   1 7 1  may be w r i t t e n  

175 
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The solution of this  equation is 

a x  1 6 = 6 1  e + m 2  e 
a x  

2 

Where 

176 

177 

178 

It is apparent  that 

B1 = - 8, 

The terms @ and @ 2 are constants  which depend upon the  boundary  conditions. 
It is convenient to proceed  with  the  analysis of the  pump  performance,  expressing 
the  performance in terms of these  constants.  They  will be evaluated  in  terms of 
the  boundary conditions f o r  Type A and B pumps later. 

Introducing  a  dimensionless  constant C1 , where 

$ 2  
c1 = 179 

equation 176 may  be  written 

180 
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S u b s t i t u t i n g  from e q u a t i o n  180 i n t o   e q u a t i o n s  167, 168,  and 169, 

181 

183 

The   p re s su re   deve loped  by t h e  pump is g i v e n   b y   t h e   p r o d u c t   o f   t h e   f l u x  
d e n s i t y   a n d   t h e   c u r r e n t   d e n s i t y   i n   t h e   f l u i d   i n t e g r a t e d   o v e r   t h e   l e n g t h   o f  
t h e  pump d u c t .   T h e   a v e r a g e   v a l u e  of t h e   v r e s s u r e  i s  g i v e n  by t h e   e x p r e s s i o n  

P = R e  

! 'O 

where B* i s  the   complex   con juga te   o f  B .  

Thus, 

184 

185 
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Equa t ion   185  may b e   e x p a n d e d ,   i n t e g r a t e d ,   a n d   e x p r e s s e d  as fo l lows :  

where 

186 

187 

and I @ I means t h e   a b s o l u t e   v a l u e   o f  @ 

From F i g u r e  44 it  is  a p p a r e n t   t h a t   t h e   t o t a l   f l u x   e n t e r i n g   t h e   d u c t  i s  t h e  
v a l u e  of t h e   f l u x  a t  x = 0 a n d   t h a t   t h e   t o t a l  m.m.f. p r o d u c e d   b y   t h e   e x c i t i n g  
c o i l ,   n e g l e c t i n g   i r o n   d r o p ,  may b e   w r i t t e n   i n  terms o f   t h e  a i r  g a p   f l u x  
d e n s i t y   a t  x = 0 and t h e  m.m. f .   p roduced   by   t he   i n l e t   duc t   heade r .   Thus ,  

188 

189 

From e q u a t i o n  181, 

190 
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The power input to the  air  gap  region  may  be  written 

wm = Re 1 Mw 1 x = o  

From  equation 180, 

Then,  substituting from equations  190 and 192  into  equation 191, 

2 *  
io 'p, @l 

RO 

wm = - Re 

In a similar  manner,  the  reactive  volt-amperes  associated  with  the a i r  
gap region may  be written 

or 

191 

192 

193 

194 

I 195 
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Where and X, are exciting  coil  resistance and reactance on a one 
turn  basis,  expressions  for  coil  loss  and  reactive  volt-amperes  may  be 
written 

ww = 

w =  
qw 

Mw12 R, 

MwI2 xw 

Equation 197 may be written  in  terms of  the geometric  permeance 
coil  leakage  flux as 

196 

197 

17 of  the 

198 

The total  loss is given by the sum of equations 193  and 196 and the total 
reactive  volt-amperes  is  given  by  the  sum of equations 195 and 198. Thus, 

WT = wm + ww 

Power output is the product of developed  pressure  and  flow. 
consistent  units,  efficiency q may  be written 

199 

200 

Thus, in 

q = -  PQ 
wT 

201 
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Power f a c t o r  PF a n d   t u r n   v o l t a g e  Vt a r e  

wT PF = 202 

\/('qTI2 + ( wT ) 

2 03 

T h e   a n a l y s i s  i s  now c o m p l e t e   e x c e p t   f o r   f u r t h e r   c o n s i d e r a t i o n  of t h e  
c o n s t a n t s  a ,  and C1 , which were d e f i n e d  by e q u a t i o n  180, i . e . ,  

180 

A boundary   cond i t ion  i s  common t o   b o t h  pumping  configurat ions  Type A and B;  
i .e . ,  t h e   t o t a l   f l u x   e n t e r i n g   t h e   d u c t  @ T  i s  t h e   v a l u e  of 4 a t  x = 0. 
T h i s   c o n d i t i o n   h a s   b e e n   e x p r e s s e d   a s  

a T  = m1 (1 + C l )  188 

A secondary   boundary   cond i t ion  i s  imposed a t   t h e   o u t l e t   e n d  of t h e   d u c t ,   a t  
x = c. For  pump Type A ,  m.m.f. r e l a t i o n s h i p s   f o r  a c l o s e d   p a t h   c r o s s i n g   t h e  
duc t  a t  x = c a n d   r e t u r n i n g   t o   t h e   s t a r t i n g   p o i n t   t h r o u g h   t h e   m a g n e t i c   c o r e   t o   t h e  
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r i g h t   o f   t h e   d u c t   ( F i g u r e  441, r e q u i r e   t h a t  

2 04 

where IC  i s  t h e   c u r r e n t   i n   t h e   o u t l e t   d u c t   h e a d e r ,   h a v i n g   r e s i s t a n c e  Rc.  
C u r r e n t  L C  f l o w s   b y   v i r t u e   o f   t h e   v o l t a g e   i n d u c e d  by t h e   f l u x   a t  x = c; 
hence ;  

205 

Combin ing   equa t ions   189   and   190   and   so lv ing   fo r  C 
1’ 

206 

For  pump Type B ,  t h e   b o u n d a r y   c o n d i t i o n   a t  x = c i s  more   obvious .   Neglec t ing  
f r i n g i n g   f l u x ,   t h e   f l u x   a t  x = c must  be  zero.   Thus,   from  equation 180, 
a t  x = c ,  

The e q u a t i o n s   r e l a t i n g   t h e   p e r f o r m a n c e  of e i t  :he r  Type A or B pumps 

2 07 

t o   t h e  
p a r a m e t e r s   o f   t h e   c o n f i g u r a t i o n   a n d   t h e   f l u i d  pumped are  summarized  below. 
The e q u a t i o n s   i n   t h e   a n a l y s i s   a r e   c o r r e c t   i n   a n y   c o n s i s t e n t  s y s t e m  of u n i t s .  
C o n s t a n t s   h a v e   b e e n   i n t r o d u c e d   i n t o   t h e   e q u a t i o n s   l i s t e d   b e l o w   t o   c o r r e s p o n d  
t o   t h e   u n i t s   i n d i c a t e d .   E x c e p t   f o r   t h e   s u f f i x  a , the   equat ions   have   numbers  
c o r r e s p o n d i n g   t o   t h o s e   i n   t h e   a n a l y s i s .  

1 1   I ,  
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, dimensionless 174a 

a = y 2  + i$ 
2 2 

B = - B = 0.1915 - av  Im bj 
1 2 fg 

For Type A pump 

1.588 x 10 1 c1 = - e 
la’ , dimensionless 

206a 
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For Type B pump, 

I a 1  - "2) 
C = - e  

1 dimensionless 

For both type pumps, 

I 
@ = G1 1 11 + cll 1 , , megalines 

P = - 562.5 f11112 R e  J 11.9, + i) 
d2 P, 1 f 

207a 

187a 

188a 

ia :  l e  

2 v  1c 
- 1  * * 1 

+ a2 c2 

1.588 x 10 6 1 7 )  ' gRoal - i] + 1.588 x 10 

- 
dimensionless 

* @l 

RO 

Mw = - 0.0628 - G Y amp 190a 
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f 
Kwm = 3.95 x Re {i  (1 + C l )  G I  , kw 

RO 

Kw = 3.95 x 10 
q m  

Kw = 20.05 X 
qm 

Kwc = Kw , kw 
C 

2 
Rw D kw 

0 -11 A f  (MWl2 , kvar 

Efficiency = q =  0.435 pQ , dimensionless 
10 KwT 
3 

KwT PF = , dimensionless 

Vt = 

193a 

195a 

196a 

198a 

199a 

200a 

201a 

202a 

lo3 " [ KwqT) 
2 , volts 203a 

MW 
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It  follows  from  equations 180 and  181  that  the  flux mc at x = c  and 
gap  flux  densities B at x = o and B at x = c  are 

0 C 

m = m  a2c [ l'l - "2 1" + ] 
C 1 

e  e 1 , megalines 

Bo - 
- 

Bc = 

J 

1  SOa 

> 181a 

D. Selection of Materials 

Fundamental  to  design  and  evaluation  of  various  electromagnetic  pump 
applications is the  selection  of  suitable  materials.  Complete  and  adequate 
information  was  not  available on all  materials  chosen.  Such  gaps  in  the 
literature  will  become  apparent  in  the  discussion  which  follows.  It is 
not  feasible to include,  in  this  final  report,  all  the  voluminous  materials 
data  reviewed  throughout  the  study  program  nor to recount  all  details  of 
composition,  processing,  and  other  prior  history  for  the  materials describes. 
Such  details  are  documented in the  cited  references  and in  the bibliography. 
The information  is  also  limited  to  those  materials  properties  directly 
applicable to design or performance  calculation or those  essential  for  a 
materials  choice  for  the  selected  designs. A complete  literature  search 
or reconc,liation of  anomalies  exceeded  this  program.  The  data  reviewed  in 
this  report  will  adequately  support  preliminary  design work. To accomodate  final 
designs,  considerable  confirmation  testing  and  some  original  data  would  be 
required. 

The classes  of  materials  which  directly  affect  the  design  and  construction 
of  electromagnetic  pumps  for  liquid  metals  include: 
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0 F l u i d s  
Duct Materials 
Magnet ic  Materials 

w E l e c t r i c a l   C o n d u c t o r s   a n d   I n s u l a t i o n  
T h e r m a l   I n s u l a t i o n  

The s e c t i o n  of materials w a s  l imited t o  t h e s e  items. The c h o i c e s  made 
were i n t e n d e d  t o  b e   w i t h i n   t h e   p r e s e n t   s t a t e - o f - t h e - a r t   a n d  t o  be  commercial ly  
a v a i l a b l e .   C u r r e n t  work  by  West inghouse  Electr ic  Co. on electric s p a c e  
g e n e r a t o r  materials unde r  NASA C o n t r a c t  NAS 3-4162   had   no t   been   fu l ly   r epor t ed  
at t h e  time of t h i s   p u b l i c a t i o n .  When p u b l i s h e d   t h i s   i n f o r m a t i o n   s h o u l d   b e  
a v a l u a b l e   r e f e r e n c e   f o r  EM pump development   work .   Discuss ion   of   the  materials 
t h e i r   p r o p e r t i e s  and t h e   c h o i c e s  made f o l l o w s   i n   t h e   s e q u e n c e   c i t e d   a b o v e .   I n  
g e n e r a l ,   t h e   t a b l e s   a n d   f i g u r e s  show t h e   r e f e r e n c e s   f r o m   w h i c h   t h e   i n f o r m a t i o n  
was e x t r a c t e d .  

1. Pumped F l u i d s  

The p e r t i n e n t   f l u i d s  and t h e i r   r e s p e c t i v e   t e m p e r a t u r e   r a n g e s   c o v e r e d  i n  
t h i s   s t u d y   i n c l u d e :  

L iqu id  Metal 
~ ~~ 

Temperature  Range 

NaK 78 (1000°F-13000F) 

Po ta s s ium (1000°F-14000F) 

Li thium (1000°F-20000F) 

S i n c e   t h e  pumped f l u i d s  become c u r r e n t - c a r r y i n g  members w i t h i n   a n   e l e c t r o -  
m a g n e t i c   d e v i c e ,   t h e   r e s i s t i v i t i e s   o f   t h e   m o l t e n   a l k a l i  metals are of 
p r i m a r y   i n t e r e s t .   V i s c o s i t y   a n d   d e n s i t y   d a t a   a r e   r e q u i r e d   f o r   h y d r a u l i c  
c a l c u l a t i o n s ,   a n d   v a p o r   p r e s s u r e   d a t a   f o r   c a v i t a t i o n   c o n s i d e r a t i o n s .  
P r o p e r t y   i n f o r m a t i o n  items n e c e s s a r y   f o r   d e s i g n   a r e  shown i n   F i g u r e s  45 
through  48,  and  enumerated  below: 

0 R e s i s t i v i t y  V s .  Temperature  
o Dens i ty  V s .  Temperature  

V i s c o s i t y  V s .  Temperature  
e Vapor   Pressure  V s .  Temperature  

N o  i n f o r m a t i o n   h a s   b e e n   o b t a i n e d   r e g a r d i n g   t h e   w e t t i n g   c a p a b i l i t y   o f  
t h e   l i q u i d  metals f o r   c o n t a i n m e n t  materials. D e e m  and  Matol ich  (Ref .   371,  
h o w e v e r ,   n o t e d   s l i g h t   i r r e g u l a r i t y   i n   p o t a s s i u m   r e s i s t i v i t y   m e a s u r e m e n t s  
i n  a Cb-1Zr c o n t a i n e r  at l o w  t empera tu res   wh ich   d i sappea red  after t h e  s y s t e m  
w a s  b rough t  t o  a t e m p e r a t u r e  of approximately  750  F.   Thus i t  w a s  s u g g e s t e d  
tha t   an   improvemen t   i n   we t t ing   had   occu r red .   Ne i the r   has   any   i n fo rma t ion  
b e e n   n o t e d   r e g a r d i n g   t h e   i n f l u e n c e  of i m p u r i t i e s  on e lectr ical  r e s i s t i v i t y  
o f   t h e s e   l i q u i d  metals o t h e r   t h a n   e f f o r t s  by Blake e t  a l .  (Ref ,  381, which 
i n d i c a t e d   t h a t   c h a n g e   i n   o x y g e n   c o n c e n t r a t i o n   h a d   o n l y  a m i n o r   e f f e c t  on 
r e s i s t i v i t y ,  The i n c r e a s e   i n   r e s i s t i v i t y   w i t h   t e m p e r a t u r e   f a r   e x c e e d s   t h e  

0 
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e f f e c t s   o f   o x y g e n   c o n c e n t r a t i o n .  

D o c u m e n t s   r e p o r t i n g   o r i g i n a l   w o r k   o n   t h e   m e a s u r e m e n t   o f   p r o p e r t i e s  were 
c o n s u l t e d ,   a n d   t h e   v a l u e s   r e c o r d e d   h e r e   r e p r e s e n t   t h o s e   b e l i e v e d  t o  be most 
a c c u r a t e .  The e x t e n d e d   t e m p e r a t u r e   d a t a   o f  Deem and  Matol ich  (Ref .   39)  
a g r e e s  a t  the   l ower   t empera tu res   w i th   t hose   by   Kape lne r   and   Bra t ton   (Ref .  
4 0 ) .   B e c a u s e   o f   a g r e e m e n t   b e t w e e n   t h e   d a t a   i n   r e f e r e n c e s   3 9   a n d   4 0   o n  
p o t a s s i u m   r e s i s t i v i t y   a n d   t h e   s i m i l a r i t y   i n   m e t h o d   u s e d ,   K a p e l n e r ' s   ( R e f .  
4 1 )   d a t a   o n   l i t h i u m   h a v e   b e e n   a c c e p t e d  as v a l i d ,   d e s p i t e   a n   a p p r o x i m a t e  
4% d i s a g r e e m e n t   w i t h   F r e e d m a n   a n d   R o b e r t s o n   r e f e r e n c e d   t h e r e i n   a n d   d e s p i t e  
r a d i c a l   d i s a g r e e m e n t   w i t h   t h e   s i n g l e   p o i n t   v a l u e   o f   1 7 . 8 1  w-ohm-in. a t  
446 OF given  by  Weatherford  (Ref .   42)   and Lyon ( R e f .   4 3 ) .   D i f f e r e n c e   i n  
concavi ty   (downward)   compared   to   the   o ther   meta ls   shown is u n e x p l a i n e d .  
The r e s i s t i v i t y   o f  N a K  (78)   shown  by  Weatherford  (Ref .   42)   has   been  accepted 
as shown b e c a u s e   n o   r e p o r t s   m o r e   r e c e n t   t h a n   h i s   r e f e r e n c e s   h a v e   b e e n   f o u n d .  
The d a t a   c o m p i l e d  by W e a t h e r f o r d   a p p e a r   c o n s i s t e n t   w i t h   K a p e l n e r ' s   ( R e f .   4 1 )  
d a t a   o n  NaK ( 4 6 ) .  The r e s i s t i v i t i e s  of a s t a i n l e s s  s tee l ,  r e f e r e n c e   4 4 ,   a n d  
s o d i u m ,   r e f e r e n c e   4 5 ,  are shown f o r   c o m p a r i s o n .   T h e s e   d a t a  are shown i n   F i g u r e  
4 5 ;   a d d i t i o n a l   i n f o r m a t i o n  i s  p r e s e n t e d   i n   T a b l e   4 .  

TABLE 4 .  CERTAIN PROPERTIES OF  SELECTED  ALKALI  METALS 
(Ref .   42)  

N a K  (78 )   Po ta s s ium  L i th ium Sod i um 

Atomic  Weight   39.10  6 .94  22.99 

M e l t i n g   P o i n t ,  OF 12 .0   145 .8   357  2 08 

B o i l i n g   P o i n t ,  F 

D e n s i t y   o f   S o l i d ,   l b / f t  , 5 4 . 1 8   5 3 . 6 9   3 3 . 3 4  G O .  62 

0 1456  1395  2430  1630 

3 

a t  M e l t i n g   P o i n t  

S u r f a c e   T e n s i o n ,   l b / f t ,   7 . 4  x 10 0 .0059  0 .027   0 .0131 
-8 

a t  M e l t i n g   P o i n t  

D e n s i t y   a n d   v i s c o s i t y   d a t a ,   n e c e s s a r y   f o r   h y d r o d y n a m i c   a n d   o t h e r   c a l c u l a t i o n s ,  
are shown i n   F i g u r e s   4 6   a n d   4 7 .  The o n l y   i n t e r p r e t a t i v e  comment i s  t h a t   t h e  
v a l u e s   o f   v i s c o s i t y   s t a t e d  by H a l l  and   B loche r   (Re f .   46 )   fo r   po ta s s ium are t h e  
h i g h e s t   t e m p e r a t u r e   v a l u e s   a v a i l a b l e   a n d  l i e  w i t h i n   t h e   e x t r e m e s   o f   p r e v i o u s l y  
documented   da ta  
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The vapor  pressure  of  the  liquid  metal is significant  in  considering 
cavitation  problems.  Figure 48 presents  this  data.  Walling  and  Lemmon 
(Ref. 47) and  Ewing et  al.  (Ref. 48)  agree  substantially  on  potassium. 
No recent  work  was  found on lithium  and  Stull's  survey  data  (Ref. 49) 
was  combined  with  Weatherford's  (Ref. 42) data. The most  recent  information 
on NaK (78) was Weatherford's  (Ref. 42) survey.  Sodium (Ref. 42) is shown 
for  comparison. 

As  design  sophistication  improves  and  as  experience  accumulates in the 
design,  construction,  and  operation  of  electromagnetic  pumps,  investi- 
gation  of  these  items  may  be  warranted; 

1) Wetting of containment  material by  alkali metals  and 
contact  resistance. 

2) Influence  of dissolved or  dispersed  materials  upon 
electrical  resistivity  of  liquid  metals. 

2.  Duct  Materials 

The choice  of  duct  material  for  the  electromagnetic  pump  is  predominantly 
governed  by  over-all  system  requirements  rather  than  pump  considerations 
alone.  Compatibility  with  all  other  materials  in  the  alkali  metal  system 
is a superseding  necessity. The main factors which  influence  the  material 
choice are 

e Fluid  to  be Pumped 
0 Electrical  Losses 'in the  Pump 
System  Materials  Compatibility 

e Fluid  Velocity 
e Alkali  Metal  Corrosion, 
e Temperatures and Temperature  Gradients 
e Mechanical  Loads and Material  Strength 
e Dissimilar  Thermal  Expansions 
e Time of  Exposure at Various  Temperatures 
0 Cyclic  Operation 

Although  considerable  information  exists on corrosion of  the  containment 
materials,  because  of the  high  temperatures  and  long  design  life  required 
here,  the  choice of  alkali-metal  resistant  duct  materials  for EM pumps is 
not  obvious.  Most of the  corrosion  test  information is based on  static 
environment,  capsule  tests,  and  simple  refluxing  capsule  tests. Thus, the  materials 
choices  here  are  also  preliminary  and  require  further  confirmation  to  support 
detailed  design  work. 

A consideration  of  containment  metal  corrosion  mechanisms  and  rates  under 
exposure to liquid  alkali  metals  at  elevated  temperatures  is  given  by 
Amateau (Ref.  50) and by DiSteffano and  Hoffman  (Refs. 51 and 52).  The 
latter  emphasize the necessity  of  controlled  composition  in  both  containment 
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a n d   l i q u i d  metal materials,  p a r t i c u l a r l y   w i t h   r e g a r d  t o  i n t e r s t i t i a l  
e l e m e n t s ,   s u c h  as ca rbon ,   n i t rogen ,   hydrogen   and   oxygen .  A r e v i e w   o f   t h e s e  
t h r e e   r e p o r t s   a n d   n u m e r o u s   o t h e r   d o c u m e n t s   l e d  t o  t h e   t a b u l a t i o n   o f   p r o b a b l e  
c a n d i d a t e   d u c t  materials p r e s e n t e d   i n   T a b l e  5 .  S y s t e m   c o m p a t i b i l i t y ,   c o r r o s i o n ,  
a n d   a l l o w a b l e   t e m p e r a t u r e s  were c o n s i d e r e d   b a s e d   o n   t h e   t e m p e r a t u r e   d i f f e r e n t i a l s  
i n   t h e   s y s t e m s   d e s c r i b e d   i n   S e c t i o n  I V .  

T h e   p r o p e r t i e s   o f   d u c t  mazerials which are o f   p r imary   impor t ance  t o  t h e  
pump d e s i g n e r   i n c l u d e :  

o R e s i s t i v i t y  
o Thermal   Expansion 
o T e n s i l e   S t r e n g t h  
o C r e e p   P r o p e r t i e s  
o S t r e s s   R u p t u r e   P r o p e r t i e s  
o M a g n e t i c   P e r m e a b i l i t y  
o F a b r i c a b i l i t y  

The e l ec t r i ca l  r e s i s t i v i t y   o f   t h e   d u c t  material s i g n i f i c a n t l y   i n f l u e n c e s   t h e  
d e s i g n   o f  EM pumps.  The d u c t  material i s  e l ec t r i ca l ly  i n   p a r a l l e l   w i t h   t h e  
pumped f l u i d ;  i t  i s  d e s i r a b l e ,   t h e r e f o r e ,   t o   h a v e   h i g h   r e s i s t a n c e   d u c t  w a l l s .  
Thus ,  t o  minimize  losses, metal l ic  d u c t  wa l l s  should   be  as  t h i n  as  i s  c o n s i s t e n t  
w i t h   m e c h a n i c a l   c o n s i d e r a t i o n s .   F o r   m a n u f a c t u r i n g   p u r p o s e s   a n d   c o r r o s i o n  
c o n s i d e r a t i o n s ,  i t  i s  recommended t h a t   t h e  wall t h i c k n e s s  be a t  l ea s t  0.025 
i n c h .   E l e c t r i c a l   r e s i s t i v i t y   d a t a   v e r s u s   t e m p e r a t u r e   d a t a  are shown i n   F i g u r e  
4 9 .   T h e   r e s i s t i v i t y   o f   p o t a s s i u m  i s  also i n d i c a t e d   f o r   c o m p a r i s o n .  

Measurements  of e l ec t r i ca l  r e s i s t i v i t y   o f   s t r u c t u r a l  materials are n o t  
f r e q u e n t l y   m a d e ;   t h e r e f o r e ,   f e w e r   d a t a  are a v a i l a b l e .  I t  s h o u l d  a l so  b e   n o t e d  
t h a t   c o m p o s i t i o n ,   i m p u r i t i e s ,   a n d   c h e m i c a l  o r  m e t a l l u r g i c a l   c o n d i t i o n s ,   s u c h  as  
g r a i n  size o r  p r e c i p i t a t i o n   u p o n   a g i n g ,   c a n   h a v e  a s i g n i f i c a n t   i n f l u e n c e   b o t h   o n  
e lec t r ica l  r e s i s t i v i t y  a n d   o t h e r   p r o p e r t i e s .   S u c h   d i f f e r e n c e s   i n   c o m p o s i t i o n ,  
e t c . ,  cou ld   ve ry  well a c c o u n t   f o r   r e s i s t i v i t y  da t a  d i f f e r e n c e s   o f  5% o r  h i g h e r  
such  as those  between  Smith  (Ref .  53) and Weiss ( R e f .   5 4 ) ;   K a p e l n e r   ( R e f .  41) 
and Weiss (Ref .   54) ;   and  Bennethum  (Ref .  55) and   Haynes   (Ref .   56 ) .   To t t l e  
(Ref .  5 7 )  s h o w s   t h e   i n f l u e n c e   o f   o x y g e n ,   z i r c o n i u m   a n d   t i t a n i u m   o n   t h e   p r o p e r t i e s  
of  columbium. 

R e g a r d i n g   t h e   c h o i c e   o f  materials f o r   d a t a   p r e s e n t a t i o n ,   e x c e p t   f o r   t h e   n e w e r  
r e f r a c t o r y   a l l o y s ,   ( s e e   f o o t n o t e ,   T a b l e  51 ,  a n d   t h e   i m p r o v e d   s u p e r a l l o y s ,   t h e  
materials shown a r e  w e l l  documented f o r   l o n g - t i m e   u s e   i n   a l k a l i  metals. The 
r e m a i n i n g   c a n d i d a t e  materials shown i n   T a b l e  5 ,  a n d   o t h e r   c o n c u r r e n t l y   u n d e r  
development,   (some  of  which show c o n s i d e r a b l e   p r o m i s e   o f   i m p r o v e d   c h a r a c t e r i s t i c s )  
h a v e   n o t   y e t   b e e n   e v a l u a t e d   i n   a l k a l i  metal s e r v i c e   r e p r e s e n t a t i v e   o f   s p a c e  
p o w e r   a p p l i c a t i o n s .  
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TABLE 5. PROBABLE  DUCT  MATERIALS 

a Composition, % - 
Type Alloy  Cb  Ta MO w Ti Zr Hf C - 
A Tlllb 

T222b 

TZM 

Mo-O.5Ti 

b FS-85 

AS-55b' 

D-43 
b 

Cb-  1Zr 

L-605 d 

Type 
316L  SSd 

Type  d 
347 ss 

"- Bal. "- 8 "- - " 2 "- 
"- Bal. "- 9.6 -" "- 2.4 0.01 

"- "- Bal . 
Bal. " 0.5 "- 

Bal. 28 "- 10.5 --- 0.9  

Bal. 

Bal. 

" - 0.5 0.08 "- "- 
-"  -" "- "- 

"- "- 
"- "-  -" 5 "- 1 0.06 

-" "- "_ "- l o  "- 1 

Suggested  Temp. (OF) Limitations 
Li  K  NaK (78) 

1 

2000 1600  1600 

co  Ni Cr Mo W Fe C Cb 

Bal. 10 20 "- 15  3 0.1 --- 1600 1600 

"- 12 17 2.5 "- Bal. 0.03 --- 

"- 10.5 18  0.5 - " Bal. 0.08 1.1 

1400 1400 

a 
Alloy  types: A, refractory  alloys; B, superalloys; C, austenitic  stainless  steel. 

bNew  refractory  alloy;  limited  information  available  on  alkali  metals  compatibility. 
C Melted  with  an  yttrium  addition  to  improve  weldability. 

dl.OSi,  2.0Mn1  O.O4P, 0.03s max. 



Figures 50 through 53 show thermal  expansion,  tensile yield, elastic  modulus 
and  creep-ruture for representative  alloys.  Although  many  properties,  such a s  
rupture and creep, are  properly  presented as bands,  lines  have  been  used to 
approximate  median  values to avoid  confusion.  Density  and  melting  point 
data on  some  of  the  duct  materials  are  presented  in  Table 6. 

TABLJI 6. DENSITY AND MELTING POINT OF SOME DUCT  ALLOYS 

Alloy 

Type 
316-L 

Property  Tlll  Cb-1Zr  L-605 ss lo-0.5Ti - 
Density, lbs/in. 0.604 0.31 0.33 0.29 .367 

Melting Point, F 5400a 4350 2425-2570 2500-2550 4370 0 

a Estimated. 

A s  cited  in  Section V, the  dc  electromagnetic  pumps  generally  have  the 
lowest  specific  weight.  However,  a  serious  state-of-the-art  limitation 
for conduction  pumps  exists  in  the  electrical  connection to  the  pump  duct. 
Realization  of  the  high  performance of  dc pumps  requires  the  use of copper 
or  a  material of similarly  low  resistivity.  The  difficulty  in  making  a 
reliable  metallurgical  bond  between  the  duct  material and  the  conductor 
material  constitutes  a  problem. 

Copper  has  been  brazed  successfully  to  Type 316 SS. Such  joints,  how- 
ever, have  not  been  subjected  to  tests  adequate to  qualify  them for  these 
EM pump  applications.  Electron  beam  welding of copper  to  Type  316 SS with 
a  Monel  metal  insert  is  also  promising.  It  is  probable  that  welds or 
brazes  of  copper  to  L-605  alloy  would  be  as  successful  as  those  of  copper 
to Type  316 SS. A copper to Cb-1Zr  diffusion  bonded  joint  showed  no  brittle 
intermetallic  zone  nor  interdiffusion of metals  when  subjected  to  a  100-hour, 
1600°F isothermal  test (Ref. 5 8 ) .  How  this  joint  would  behave  under  thermal 
cycling  is  unknown.  Subsequent  brief  development  efforts to join  copper to 
other  refractory  alloys for service  temperatures  above  approximately 1300°F 
have  not  been  particularly  encouraging;  prospects for other  high  conductivity 
metals  are no brighter.  Certainly,  similar or worse  joining  problems  would 
be  encountered  in  using  aluminum,  and  even  the  lower  design  duct  tempera- 
tures  are  dangerously  close  to  the  melting  point  of  aluminum. 
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I n   a d d i t i o n   t o   t h e   m e t a l l u r g i c a l   a s p e c t s   o f   d u c t  t o  c o n d u c t o r   j o i n t s  
c i t e d   a b o v e ,   t h e   h i g h   t e m p e r a t u r e   m e c h a n i c a l   s t r e n g t h   o f   c o p p e r   a l o n e  
( w i t h   t h e   p o s s i b l e   e x c e p t i o n   o f   d i s p e r s i o n   h a r d e n e d   m a t e r i a l s )  may be 
i n s u f f i c i e n t   t o  meet t h e   r e q u i r e m e n t s  of a h o t   d u c t   t o   c o n d u c t o r   c o n n e c t i o n .  
However, t h e   c o n t a i n m e n t  of a good   conduc to r   w i th in  a s u p p o r t i n g   s h e a t h ,  
e . g . ,   s t a i n l e s s  steel ,  may b e   a n   a t t r a c t i v e   a p p r o a c h   t o   t h e   p r o b l e m .  (Some 
r e l a t e d   d i s c u s s i o n   a p p e a r s   s u b s e q u e n t l y   u n d e r   " E l e c t r i c a l   C o n d u c t o r s   a n d  
I n s u l a t i o n " ;   F i g u r e s   5 9   t h r o u g h  63 w i l l  a s s i s t   i n   t h e   c o n s i d e r a t i o n  of 
t h e   p r e s e n t   t o p i c . )  

P o s s i b l y ,  a compromise material may b e   s e l e c t e d   f o r   t h e  e lec t r ica l  
c o n n e c t i o n   t o   t h e   d u c t ;  fo r  example,  Mo-O.5Ti a l l o y   h a s   a d e q u a t e   h i g h  
t e m p e r a t u r e   s t r e n g t h   a n d   m o d e r a t e   t h e r m a l   c o n d u c t i v i t y ,   w i t h   s i g n i f i c a n t ,  
bu t   pe rhaps  not u n a c c e p t a b l e ,   i n c r e a s e   i n  e lec t r ica l  r e s i s t i v i t y .  Such a 
j o i n t  may provide  an  optimum  compromise  between a m e c h a n i c a l l y   s t r o n g   j o i n t  
a n d   a c c e p t a b l e  e l ec t r i ca l  a n d   t h e r m a l   l o s s e s .   A l t h o u g h   s u c h  a j o i n t   h a s  
n o t   b e e n   r e q u i r e d   p r e v i o u s l y ,  i t  i s  c o n c e i v a b l e   t h a t  a p r o c e s s   f o r   j o i n i n g  
Mo-0.5Ti t o  t h e   o t h e r   c a n d i d a t e   d u c t   r e f r a c t o r y  metals could   be   deve loped .  

A s  d e s i g n   s o p h i s t i c a t i o n   i n c r e a s e s ,  or a s   t h e   n e e d s   f o r   g r e a t e r   a c c u r a c y  
a n d   w e i g h t   c o n t r o l   a r i s e ,   c e r t a i n   d e f i c i e n t  areas i n   t h e   d a t a  may h a v e   t o  
b e   r e s o l v e d ,  i . e . ,  

1) R e s i s t i v i t y   o f   d u c t  materials: T h e   r e s i s t i v i t y   d a t a  
p r e s e n t e d   a r e   a d e q u a t e  for present   purposes ;   however ,  
t h e   i n f l u e n c e   o f   p r i o r   h i s t o r y ,   c o n d i t i o n ,   a n d  compo- 
s i t i o n  u p o n   t h e   r e s i s t i v i t y   o f   t h e  materials must  be 
de t e rmined .  

2 )  Creep  and stress r u p t u r e :   T h e r e  i s  c o n s i d e r a b l e   v a r i a t i o n ,  
u n d o u b t e d l y   i n f l u e n c e d  by d i f f e r e n c e s   i n   d e t a i l s   o f  
c o m p o s i t i o n ,   m a n u f a c t u r e ,   f o r m i n g ,   h e a t   t r e a t m e n t ,   t e s t i n g ,  
e t c . ,  i n   t h e   r e p o r t e d   v a l u e s   f o r  many o f   t h e  materials. 
T h e   e f f e c t  of t o t a l   d u c t   m a t e r i a l   o n   e l e c t r i c a l   l o s s e s  i s  
s i g n i f i c a n t   i n  m o s t   d e s i g n s .   T h e r e f o r e ,  when optimum 
f l igh t   ha rdware   mus t  be d e s i g n e d ,   m o r e   p r e c i s e   i n f o r m a t i o n  
o n   t h e   d u c t   m a t e r i a l  w i l l  be   needed.  

3) New materials: A s  t h e   c o r r o s i o n   r e s i s t a n c e   o f  new m a t e r i a l s  
is  d e m o n s t r a t e d ,   i n f o r m a t i o n  on p r o p e r t i e s   a n d   p r o c e s s i n g  
mus t   be   ob ta ined .  For example ,   the  l a t e r  developmenta l  
co lumbium  a l loys   p romise   improved   h igh   tempera ture   s t rength  
o v e r  Cb-1Zr w h i l e   s i m u l t a n e o u s l y   r e t a i n i n g  good c o r r o s i o n  
r e s i s t a n c e .  More f a b r i c a b i l i t y   a n d   c r e e p   i n f o r m a t i o n  is  
r e q u i r e d ,   h o w e v e r ,   a n d   n o   r e s i s t i v i t y   d a t a   a p p e a r   t o   b e  
a v a i l a b l e .  
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4) New processes:  Ducts  offering  lower  electrical  losses  and 
higher  thermal  resistance,  while  retaining  high  reliability, 
might  be  achieved  using  sandwich  structures.  More  intricate 
shapes  of  flow  passages  can  reduce  hydraulic  losses. To 
exploit  the  potential  weight  advantage of the  conduction 
pump,  a  process for accomplishing  suitable  high  tempera- 
ture  metallurgical  bonds  between  a  good  electrical 
conductor  and  the  duct  material  should  be  developed. 

3. Magnetic  Materials 

The  dc  conduction  pump can be  designed  to  isolate  the  coils  and  most of 
the  magnetic  material  thermally  from  the  liquid  being  pumped. In polyphase 
induction  pumps,  thermal  insulation  is  required  between  the  high  temperature 
liquid  metal  duct  and  the  stator to protect  the  windings  from  overtemperature. 
Generally,  the  designs  are  based  on  the  following  magnetic  material  conditions: 

Stator  Temperature 800 O F  max. 

Core  Temperature  1600 O F  max. 

Atmosphere  Inert Gas at -15  psi 

Power  Input DC 
AC, Single  Phase, 25-100 Cps 
AC, 3-Phase, 50-200 Cps 

It  is  anticipated  that  pumps  with  these  winding  and  stator  operating 
temperatures  are  first  generation  designs. A s  the  higher  temperature 
performance  of  insulation  systems is assured,  these  temperatures  may  be 
increased. The development of new materials  and  new  insulation  systems 
may  also  permit  increased  temperatures. 

The  basic  principle  of  electromagnetic  pumping  requires  that  the  duct  and 
fluid  be  a  nonmagnetic  portion  of  the  pump's  magnetic  circuit.  Thus,  electro- 
magnetic  pumps  are  inherently  large  air  gap  devices.  Since  the m.m.f. re- 
quired for the  nonmagnetic  gap  is  much  greater  than  that  necessary for the 
rest of  the magnetic  circuit,  there is little  advantage in using  high  perme- 
ability  magnetic  materials.  Other  properties,  therefore,  were.examined to 
guide  the  initial  choice.  Those  properties  of  soft  magnetic  materials  of 
interest  to  the  pump  engineer,  arranged  more or less  in  order of importance, 
include : 
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Cur ie   Tempera tu re  
A g i n g   C h a r a c t e r i s t i c s  
The rma l   Conduc t iv i ty  

a C o r e  Loss V s .  I n d u c t i o n  V s .  Tempera ture  
Volt-Amperes Vs .  I n d u c t i o n  Vs .  Temperature  

a S t r e s s   S e n s i t i v i t y  
Magne t i c   An i so t ropy  

The state-bl-the-art a p p r o p r i a t e  t o  t h e  materials s e l e c t i o n   f o r   t h i s  
p rog ram  y i e lds  a less t h a n  o p t i m u m   a m o u n t   o f   i n f o r m a t i o n   a p p l i c a b l e   t o   s o f t  
magne t i c  materials. Few o f   t h e   c a n d i d a t e  materials h a v e   b e e n   t e s t e d  a t  
e l e v a t e d   t e m p e r a t u r e   i n   t h e   a b s e n c e  of a i r  or, i n  some i n s t a n c e s ,   t o  a 
s u f f i c i e n t l y   h i g h   t e m p e r a t u r e .   U n c e r t a i n t y   a b o u t   p r o c e s s i n g   d e t a i l s  makes 
r e c o n c i l i a t i o n   o f   a n o m a l o u s   r e s u l t s   d i f f i c u l t .   N e v e r t h e l e s s ,   t h e r e  i s  a 
body of i n f o r m a t i o n   w h i c h   i n d i c a t e s  areas o f   p robab le   success   and   t he  
d i r e c t i o n   f o r   f u t u r e   d e v e l o p m e n t .   T h e   p e r t i n e n t  materials are s i l i c o n - i r o n  
a l l o y s   a n d   c o b a l t - i r o n   a l l o y s .   N i c k e l   a n d   t h e   n i c k e l   a l l o y s   d o   n o t   h a v e  
c h a r a c t e r i s t i c s   a p p r o a c h i n g   t h e   r e q u i s i t e  high-temperature/high-flux- 
d e n s i t y   p r o p e r t i e s .  

The   Cur i e   t empera tu re   o f  a m a g n e t i c   m a t e r i a l  is t h e   f i r s t   c r i t e r i o n   f o r  
s e l e c t i o n .   U s u a l l y ,   t h e   m a t e r i a l   m u s t   b e   h e l d  w e l l  be low  the   Cur i e   t emper -  
a t u r e   t o   m a i n t a i n   u s e f u l   m a g n e t i c   p r o p e r t i e s .   F i g u r e   5 4  shows t h e   d a t a  for 
C u r i e   t e m p e r a t u r e   a n d   s a t u r a t i o n   i n d u c t i o n   v e r s u s   s i l i c o n   c o n t e n t  of s i l i c o n -  
i r o n   a l l o y s ;   F i g u r e   5 5  i s  a n o v e l   p r e s e n t a t i o n   o f   s a t u r a t i o n   i n d u c t i o n  
i s o t h e r m s   v e r s u s   c o b a l t   c o n t e n t   o f   c o b a l t - i r o n   a l l o y s .   T h e   f o l l o w i n g  
s u g g e s t i o n s  are made f o r   t h e   d e s i g n  limits o f   s i l i c o n - i r o n   a l l o y s :  

1 )  A maximum i n d u c t i o n   o f   1 0 0 , 0 0 0   l i n e d i n  .2 a t  800 O F  

fo r   0 .25% o r  l o w e r   s i l i c o n   c o n t e n t .  

2 )   R e d u c t i o n   o f   t h e   a b o v e   f l u x   d e n s i t y   w i t h   i n c r e a s i n g  
s i l i c o n   c o n t e n t .  

3) Reduct ion  of t h e   a b o v e   f l u x   d e n s i t y   w i t h   i n c r e a s i n g  
t e m p e r a t u r e .  

4 )  A maximum o p e r a t i n g   t e m p e r a t u r e  of 1250 OF. 

T h e   f o l l o w i n g   s u g g e s t i o n s  are made for t h e   d e s i g n  limits o f   c o b a l t - i r o n  
a l l o y s   i n   t h e  25% t o  35%  cobal t   range:*  

* F i f t y   p e r c e n t   c o b a l t   a l l o y s   s h o u l d   n o t   b e   e m p l o y e d   u n t i l   a n o m a l o u s   b e h a v i o r  
a s c r i b e d   t o  atomic o r d e r i n g  i s  c l a r i f i e d   ( R e f s .  68 and 69) .  

-87- 

L 



1 )  A maximum i n d u c t i o n   o f   1 2 0   k i l o l i n e s / i n . 2   ( 1 8   k i l o g a u s s )  
a t  1200 OF f o r  35% c o b a l t   c o n t e n t .  

2 )   R e d u c t i o n   o f   t h e   a b o v e   f l u x   d e n s i t y   w i t h   d e p a r t u r e   o f  
c o b a l t   c o n t e n t   f r o m   3 5 % .  

3 )   R e d u c t i o n   o f   f l u x   d e n s i t y   w i t h   i n c r e a s i n g   t e m p e r a t u r e .  

4 )  A maximum o p e r a t i n g   t e m p e r a t u r e   o f   1 6 0 0  OF. 

There  i s  f r a g m e n t a r y   e v i d e n c e   t o   i n d i c a t e   t h a t   h i g h   t e m p e r a t u r e   m a g n e t i c  
c h a r a c t e r i s t i c s   i n   a n   i n e r t   a t m o s p h e r e ,   s u c h   a s   t h a t   p r o p o s e d   f o r   t h e s e  
e l e c t r o m a g n e t i c   p u m p s ,  w i l l  n o t   c h a n g e   a p p r e c i a b l y   w i t h  time a t   t h e s e  
s u g g e s t e d ,   o r   e v e n   h i g h e r ,   v a l u e s   o f   t e m p e r a t u r e   a n d   f l u x   d e n s i t y .  The 
r e p o r t s   e x a m i n e d   i n d i c a t e   t h a t   v i r t u a l l y  a l l  p r e v i o u s  tests p rov ide   an  
i n a d e q u a t e   b a s i s   f o r   r e j e c t i n g   t h e   p r o p o s e d   d e s i g n  limits because  of  one 
o r  m o r e   o f   t h e   f o l l o w i n g   r e a s o n s :   1 )   o x i d a t i o n   ( t e s t i n g   o r   a g i n g   i n   a i r ) ;  
2 )   i n t e r l a m i n a r   i n s u l a t i o n ;   3 )   p r e - t e s t   a n n e a l ;   o r  4 )  mechanica l  s tress.  
I n   t h e  case o f   l o w   s i l i c o n   c o n t e n t  s tee l ,  a b a l a n c e  may h a v e   t o   b e   e f f e c t e d  
b e t w e e n   i n c r e a s e d   c o e r c i v e   f o r c e   a n d   c o r e  loss u p o n   a g i n g   v e r s u s   o t h e r   p r o p e r t i e s .  

To d e t e r m i n e   t h e   h e a t   b a l a n c e   i n   a n   e l e c t r o m a g n e t i c  pump d e s i g n ,   t h e  
t h e r m a l   c o n d u c t i v i t y   o f   t h e   m a g n e t i c   m a t e r i a l   u s e d   i n   t h e   s t a z o r   m u s t   b e  known 
T h e   w i n d i n g   l o s s e s ,   t h e   h e a t   t r a n s f e r r e d   t h r o u g h   t h e   t h e r m a l   i n s u l a t i o n  
b e t w e e n   d u c t   a n d   s t a t o r ,   a n d   t h e   l o s s e s   g e n e r a t e d   b y  ac f l u x   i n   t h e   m a g n e t i c  
material i t s e l f  must a l l  b e   t r a n s m i t t e d   t o   t h e   h e a t   s i n k   t h r o u g h   t h e   s t a t o r .  
Improved  design may be   ach ieved   w i th  a h i g h   t h e r m a l   c o n d u c t i v i t y   m a t e r i a l ,  
even  a t  t h e   c o s t   o f   h i g h e r   c o r e   l o s s e s   i n   t h e   m a t e r i a l   i t s e l f .  The the rma l  
c o n d u c t i v i t i e s   o f   s e v e r a l   c a n d i d a t e   m a g n e t i c   a l l o y s ,   i n c l u d i n g   a n   e s t i m a t e d  
c h a r a c t e r i s t i c   f o r   c o b a l t   a l l o y s   b a s e d   o n  a r e p o r t e d  room t e m p e r a t u r e   v a l u e ,  
are shown i n   F i g u r e  56.  T h e r m a l   c o n d u c t i v i t y   o f   m a g n e t i c   m a t e r i a l   f o r  
c e n t r a l   c o r e s  i s  n o t  a p r o b l e m ,   b u t   h i g h e r   t e m p e r a t u r e   f l u x - c a r r y i n g  
c a p a b i l i t y   m u s t   b e   c o n s i d e r e d .  

Normal m a g n e t i z a t i o n   i n f o r m a t i o n ,   p r i m a r i l y   u s e f u l   f o r   d c   a p p l i c a t i o n s ,  
c a n   i n d i c a t e  maximum u s e f u l   f l u x   d e n s i t i t e s   ( a n d   r e q u i r e d   m . m . f . )   i n  e l ec t r i ca l  
a p p a r a t u s .   G u i d e s   t o   a c   p e r f o r m a n c e  may a l so   be   ob ta ined   f rom  no rma l   magne t -  
i z a t i o n   c u r v e s .   A l t h o u g h  many o f   t h e   r e p o r t s   o n   e l e v a t e d   t e m p e r a t u r e   t h a t  
were rev iewed  do   no t  show normal   magnet iza t ion   curves ,   F igure   57   shows some 
da ta   wh ich  are a v a i l a b l e .  

A s  n o t e d   p r e v i o u s l y ,   t h e r e   a r e   i n c o n s i s t e n c i e s   i n   d a t a   r e p o r t e d  by v a r i o u s  
i n v e s t i g a t o r s .   F i g u r e   5 8   v e r i f i e s ,   f o r  a s i l i c o n  s t e e l ,  t h e   g e n e r a l   o b s e r -  
v a t i o n   t h a t   c o r e   l o s s   d e c r e a s e s   w i t h   i n c r e a s i n g   t e m p e r a t u r e .  A s u b s t a n t i a l  
i n c o n s i s t e n c y   i n   t h e   d a t a ,   p r o b a b l y   c a u s e d  by l a c k   o f   p r e - t e s t   a n n e a l i n g   a n d  
by less t h a n   o p t i m u m   i n t e r l a m i n a r   i n s u l a t i o n ,  is a l s o   i n d i c a t e d  by t h e  
i n d i v i d u a l   p o i n t s   f o r   t h e  same nomina l   g rade   o f  steel (AISI-M 3 6 ) .  The 
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elevated  temperature  data  for  silicon  steels  are  reproduced  in  Figure 58 
because  they  best  represent  the  characteristic  reduction  of  loss  with 
temperature,  although  the  tests  were  made  in  air  on  unannealed  samples 
with  questionable  interlaminar  insulation.  Figure 58 also  reports  losses 
on 27% and  35%  cobalt-iron  alloys. Few investigators  have  reported  elevated 
temperature  exciting  current or excitation  volt-amperes  in  a  form  useful 
to  this  program. Table 7 presents  values  of  excitation  volt-amperes  per 
pound  estimated  on  the  basis  of  various  pieces of data. No elevated 
temperature  data  were  found  for  low  silicon  iron  alloys. 

TABU 7. ESTIMATED 60 CYCLE  MAGNETIZING  EXCITATION 

Excitation,  Volt-Amperes/lb 

Flux  Density, 
Material Kl/in . 212OF 800°F 1 100°F 

1.25% Si 64 
("36) 97 

27% Co 64 
97 
116 

2.6 
20 

5 
18 
40 

3.0 
31 

4.5 
20 
45 

4.0 
40 

4 
22 
60 

Many  of  the  reports  reviewed, e.g., references 75 through 78, indicated 
that  sensitivity  to  mechanical  stress,  particularly  in  aging  tests,  was 
caused  primarily by oxidation.  This  was  especially  true  in  wound  cores 
and for oriented  materials.  Because  of  the  inert  atmosphere  for the  magnetic 
material,  no  difficulty  is  anticipated  from  oxidation  in  electromagnetic 
pumps  studied  for  this  program. 

Magnetic  anisotropy,  the  easier  magnetization  of  a  material  in  one 
direction  than  another, is established  (Ref. 7 9 )  as  the  cause of increased 
loss for  magnetization  in  one  direction  compared  to  the loss for  magnet- 
ization  in  another  direction;  the  relative  increase  is  greater in  oriented 
materials  than in nonoriented  materials.  Not so well  known  is  the fact 
that  a  rotational  flux  causes  a  more  significant  loss  than  that  caused by 
the  simple  alternating  flux (Refs. 80 through 8 2 ) .  A rotational  flux  is 
one  constant  in  magnitude but time  variant  in  direction  as  contrasted  with 
the  simple  alternating  flux,  which  is  unidirectional but time  variant  in 
magnitude.  This  effect  is  greater  in  oriented  materials. The increased 
loss  with  rotational  flux  is  ascribed  to  the  doubled  frequency  of  magnetic 
domain  wall  movement (Ref.  83). In polyphase  pumps,  rotational  flux  exists 
in  the  magnetic  material  behind  the  slots  and  teeth. 
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Deterioration  of  interlaminar  insulation  will  cause  increasing  losses  on 
aging tests. Some of the  various  reports  reviewed, e.g., references 74, 76, 
and 84, stated  that  the  laminar  coating  may  have  provided  insufficient  inter- 
laminar  resistance for long-time,  high  temperature  service. No well  docu- 
mented  investigation  of  a  suitable  lamination  insulating  material was found. 
Tentatively,  a  material  which can withstand  the  stress  relief  anneal  temper- 
ature,  such  as  Carlite  coating or Sterling  Varnish Co.  S-678  material  with 
aluminum  oxide  added is  recommended. An alternative  would be  to flame 
spray  the  laminations  with  aluminum  oxide.  Aluminum  orthophosphate  laminar 
coating  has  yielded  anomalous  results for different  investigators. 

The reports  surveyed, e.g., references  85  through 87, indicated  a  very 
low  probability  of  permanent  degradation  of  magnetic  materials  considered 
for  these  pumps  under  the  expected  service  conditions. The cobalt  alloys 
will,  of  course,  become  radioactive  under  neutron  bombardment  and  will 
remain  radioactive  for  considerable time. 

The  higher  indicated  thermal  conductivity  and  the  higher  permissible  ac 
flux  densities,  at  modest  increase  in  losses (over silicon  steel losses), 
apparently  favor  the  use  of the cobalt-iron  alloys.  Except  where  the 
temperature  requirement  indicates  otherwise,  the 272 cobalt  steel is pre- 
ferable  to  the 35% alloy  because of  better  mechanical  properties  and  some- 
what  lower  cost. For highest  temperature  use  in  cast or  forged  magnetic 
structures,  the 35% cobalt  steel  is  suggested.  Conversely, if  the  temper- 
ature  is  favorable  and  the  lower  flux  density  is  acceptable,  a  silicon- 
iron or very  low  carbon  iron  will  allow  substantial  reductions  in  the 
costs of core  material  and  processing. 

As indicated  earlier  in  this  discussion,  test  information to  verify  that 
the  candidate  materials  will  suffer  no  appreciable  degradation  in  an  inert 
atmosphere  at  the  pertinent  temperatures  and  times is  needed. Also,  the 
development  of  adequate  interlaminar  insulation  is  required. 

4. Electrical  Conductors  and  Insulation 

Since  conductors  are  rarely  used  alone, it  is difficult to  treat  conductors 
and  their  insulation  separately.  The  service  conditions,  the  manufacturing 
processes  employed,  and  the  over-all  electrical  insulation  must be  considered. 
Numerous  study  and  experimental  projects  have  been  directed  at  the  development 
of  insulated  wire and insulation  systems  for  service at 900°F to  110O0F. 
Varying  degrees of success,  with  only  experimental  quantities  carried  through 
manufacture,  were  achieved.  Most  development  work  was  on  component  materials 
and  mock-ups  of  insulation  systems;  most  development  units  manufactured  were 
transformers  and  inductive  reactors  with  aging  tests of approximately 1,000 
hours.  This  is  an  insufficient  basis for recommending  18,000-hour  high  re- 
liability  space  mission  application.  Establishing 750°F to 800°F as  the 
expected  working  temperature for the  windings of  these  electromagnetic  pumps, 
therefore,  constitutes  a  conservative  approach. As additional  experience 
is  acquired  with  presently  available  materials  and  with  newly  developed 
materials  and  insulation  systems,  higher  permissible  temperatures  are 
anticipated. 
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S e l e c t i n g   e l e c t r i c a l   c o n d u c t o r   m a t e r i a l s   f o r   l i q u i d  metal EM pumps r e q u i r e s  
a   k n o w l e d g e   o f   t h e   e l e c t r i c a l   r e s i s t i v i t y   a n d   s t r e n g t h   c h a r a c t e r i s t i c s   o f  
b a s i c   c o n d u c t o r   m a t e r i a l s .  Where needed ,   cons ide ra t ion   mus t   t hen   be   g iven  
t o   m o d i f y i n g   t h e s e   c h a r a c t e r i s t i c s   u s i n g   m e t a l l i c   c l a d d i n g s ,   c o a t i n g s ,  or 
m e t a l l u r g i c a l   v a r i a t i o n s .   F o r   t h e   p o l y p h a s e  pumps, t h e   c o n d u c t o r   s t r e n g t h  
s h o u l d   b e   s u f f i c i e n t   f o r   u n s u p p o r t e d   e n d   t u r n s .  The t h e r m a l   c o n d u c t i v i t y  
o f   t he   conduc to r  i s  i m p o r t a n t   t o   t h e   t r a n s f e r  of h e a t   w i t h i n   t h e   w i n d i n g s  
a n d ,   a s   m e n t i o n e d   e a r l i e r   r e g a r d i n g   c o n d u c t i o n  pumps ,   where   h igh   cur ren t  
d e n s i t y   c o n d u c t o r s   m u s t   o p e r a t e   i n   c o n t a c t   w i t h   t h e   d u c t   w a l l .  

Figures   59  and  60 show t h e   e l e c t r i c a l   r e s i s t i v i t i e s   a n d   t h e r m a l   c o n d u c -  
t i v i t i e s  o f   v a r i o u s   c o n d u c t o r   m a t e r i a l s .  The s h o r t - t i m e   s t r e n g t h s   o f  
v a r i o u s   t y p e s  of c o n d u c t o r   m a t e r i a l s   a t   e l e v a t e d   t e m p e r a t u r e s   a r e   d e p i c t e d  
in   F igu re   61 ,   wh ich  shows t h e i r   y i e l d   s t r e n g t h s  as a f u n c t i o n   o f   t e m p e r a t u r e .  
There is a l a c k  of c r e e p   a n d   r u p t u r e   d a t a  on c o n d u c t o r   m a t e r i a l s .  Most  of 
t h a t   w h i c h  is a v a i l a b l e  is  shown i n   F i g u r e   6 2 .  No i n f o r m a t i o n  was a v a i l a b l e  
on c r e e p   u n d e r   t h e r m a l   c y c l i n g ,   a l t h o u g h   c o p p e r  is known t o   p e r f o r m   p o o r l y  
i n   t h i s   r e g a r d   a t   e l e v a t e d   t e m p e r a t u r e s .  

The advan tages  of t h e  low e l e c t r i c a l   r e s i s t i v i t y   a n d   t h e   f a v o r a b l e  
t e m p e r a t u r e   c o e f f i c i e n t s   o f   r e s i s t i v i t y  of copper   and   s i lver ,   compared   wi th  
o t h e r   c o n d u c t o r   m a t e r i a l s ,  is c l e a r l y   a p p a r e n t .   E x c e p t   f o r   e l e v a t e d   t e m p e r -  
a t u r e   s t r e n g t h   a n d   s t a b i l i t y   c o n s i d e r a t i o n s ,  low e l e c t r i c a l   r e s i s t i v i t y  i s  
t h e   c r i t e r i o n   f o r   s e l e c t i o n   o f  a c o n d u c t o r   m a t e r i a l .  The h igh   t he rma l  
c o n d u c t i v i t i e s   o f   s i l v e r   a n d   c o p p e r   a r e   a l s o   b e n e f i c i a l   i n   t h e   t r a n s f e r  of 
h e a t   f r o m   t h e   c o n d u c t o r   a n d   t h e   c o n s e q u e n t   m a i n t e n a n c e  of  low e l e c t r i c a l  
r e s i s t i v i t y .  

SAP a l u m i n u m   ( s i n t e r e d   a l u m i n u m   p o w d e r ) ,   t h e   b e s t   a l t e r n a t i v e   a f t e r  
c o p p e r ,   h a s   c o n s i d e r a b l e   a d v a n t a g e   i n   s t r e n g t h   o v e r   p u r e   c o p p e r   a n d   s i l v e r  
up t o   a p p r o x i m a t e l y   1 0 0 0  OF. Also ,   a luminum  can   be   readi ly   anodized   as   an  
i n s u l a t i o n   f o r  low v o l t a g e   a p p l i c a t i o n s .   E x c e p t   o n  a s t r e n g t h - t o - w e i g h t  
b a s i s ,   t h e  new d i s p e r s i o n   h a r d e n e d   c o p p e r s   e x h i b i t   s t r e n g t h s   s u p e r i o r   t o  
t h o s e   o f  SAP. S i m u l t a n e o u s l y ,   t h e s e   m a t e r i a l s   r e t a i n   t h e   h i g h   c o n d u c t i v i t y  
a d v a n t a g e   o f   c o p p e r .   A l s o ,   t h e   d i s p e r s i o n   h a r d e n e d   m a t e r i a l s   a p p a r e n t l y  
have a lesser t e n d e n c y   t o   g r a i n   g r o w t h   o n   e x t e n d e d   e x p o s u r e   t o   h i g h   t e m p e r -  
a t u r e .   F o r   v e r y   h i g h   t e m p e r a t u r e   s e r v i c e ,  molybdenum s h o u l d   b e   c o n s i d e r e d .  
F o r   a p p l i c a t i o n s   b e l o w   a p p r o x i m a t e l y  1000 OF, t h e   s t r e n g t h   a d v a n t a g e s   o f  
molybdenum a r e   n o t   s u f f i c i e n t   t o   o f f s e t  i t s  h i g h   r e s i s t i v i t y   a n d   d e n s i t y .  

I n  pump d e s i g n s :   i n   w h i c h   p r o t e c t i v e   a t m o s p h e r e s   m i n i m i z e  or e l i m i n a t e  
t h e   o x i d a t i o n   p r o b l e m   a n d   a s s i s t   i n   c o o l i n g   t h e   e l e c t r i c a l   c o n d u c t o r s   t o  a 
t e m p e r a t u r e   n e a r  800 OF, b e r y l l i a  or z i r c o n i u m   d i s p e r s i o n   h a r d e n e d   c o p p e r  
a n d ,   t o  a lesser e x t e n t ,   c l a d   c o p p e r   a p p e a r   t o   b e   t h e   b e s t   c h o i c e s .   T h e  
e l e c t r i c a l   c o n d u c t i v i t i e s   o f   c o n d u c t o r s   o f   t h e s e   t y p e s   a r e   n o t   s e r i o u s l y  
reduced   f rom  tha t   o f   pure   copper .   (See   F igures   59   and   63   and   Table  8.)  A s  
i n d i c a t e d   i n   F i g u r e   6 3   a n d   T a b l e  8, t h e   t h e r m a l   d i f f u s i o n   s t a b i l i t y   o f   h i g h e r  
s t r e n g t h   c l a d   c o p p e r   c o n d u c t o r s   h a s   b e e n   s t u d i e d   t o  some e x t e n t .   W h i l e  
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TABLE 8. CHANGE I N  RESISTANCE OF  WIRES AGED AT llOO°F 
2000 HOURS I N  ARGON 

(Ref .   97)  

- 
R e s i s t a n c e  

AWG I n c r e a s e ,  
Wire Type  Gauge % 

OFHC cu  20  -0 .9  
Annealed Cu 28   -0 .2  
Be-Cu, Ag P l a t e   2 0   1 5 . 6  
Cu, li% Ag P l a t e   3 6   1 1 . 7  
Cu, S i n g l e   G l a s s   S e r v e d ,   S i l i c o n e   T r e a t e d   2 8   - 1 . 3  

Cu-3%  Ag,  Secon  Type C I n s u l a t i o n  28  -1.9 
S t e r l i n g  Ag 3 0   7 . 0  
Cu, 27% N i  C lad ,   Ba re  28  124 
C u ,  27% N i  C lad ,  Bare 36  360  (570 hrs) 
Cu,  27% N i  Clad ,   Ceramatemp  Insu la t ion  28  60.6 
Cu,  27% N i  C l a d ,   C e r a m i c i t e   I n s u l a t i o n  28  75.9 
Cu,  27% N i  C l a d ,   C e r o c   I n s u l a t i o n  28  70.6 
Cu,  Type  430 SS Clad 28  30.0 
Cu,  Type  430 SS Clad 36  59.3 
Cu, Inconel   Clad  28  31.3 
Cu, Inconel   Clad  36  144.2 
Cu,  Anodized  Ta  Clad 30  Too B r i t t  l e  
Cu,  4% N i  P l a t e  28  55.7 
Cu,  4% N i  P l a t e  36  210  (570 hrs) 
Cu, 10% N i  P l a t e  28  79.3 
Cu, 10% N i  P l a t e  36  228.0 
Cu, Ag B a r r i e r ,  N i  P l a t e  28  23.4 
Cu, C r  B a r r i e r ,  N i  P l a t e  28  108.2 
Cu,  Fe B a r r i e r ,  N i  P l a t e  28  196 
Cu ,  C r  P l a t e  28 3 . 7  
Cu, R e  P l a t e  28  0.4 
Cu,  Fe P l a t e  28  11.2 
Ag, C r  P l a t e  2 8   1 . 9  
Ag, R e  P l a t e  28  46.7 
Ag,  Fe P l a t e  28  21.2 
Ag, F e   B a r r i e r ,  N i  P l a t e  28  32.8 

CU-3% Ag 42  -3 .5  
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t h e r e  are some l i m i t e d   i n d i c a t i o n s   t h a t  a n i c k e l   c l a d   c o p p e r   c o n d u c t o r  
w o u l d   e x h i b i t   v e r y  l i t t l e ,  i f  a n y ,   d i f f u s i o n   b e t w e e n   n i c k e l   a n d   c o p p e r  
a t  800 OF a n d   p o s s e s s   f a i r l y   s t a b l e  e lec t r ica l  r e s i s t i v i t y   f o r   l o n g  
p e r i o d s   o f  t i m e ,  a p p r e c i a b l e   e v i d e n c e   t o   t h e   c o n t r a r y  also e x i s t s .  
N i c k e l   c l a d   s i l v e r ,   s a t i s f a c t o r y   i n   t h i s   a n d  many o t h e r   r e s p e c t s ,  
a p p e a r s  t o  l a c k   s a t i s f a c t o r y   h i g h   t e m p e r a t u r e   s t r e n g t h .   P r i m a r i l y  
b e c a u s e   o f  the u n c e r t a i n t y  of r e l i a b l e   l o n g - t i m e   r e s i s t i v i t y   i n   t h e  
c l a d   c o n d u c t o r   a p p r o a c h ,   t h e   u n c l a d   d i s p e r s i o n   h a r d e n e d   c o n d u c t o r s   a r e  
p r e s e n t l y   f a v o r e d   f o r  EM pump a p p l i c a t i o n .  

More e x t e n s i v e   c r e e p  test  e v a l u a t i o n ,   l o n g - t i m e   s t a b i l i t y   e v a l u a t i o n  
i n   a p p r o p r i a t e   a t m o s p h e r e s ,   a n d  e lec t r ica l  r e s i s t i v i t y   m e a s u r e m e n t s   o v e r  
t h e   a p p r o p r i a t e   t e m p e r a t u r e   r a n g e  w i l l  be   r equ i r ed ,   however ,  t o  conf i rm 
t h e s e   c h a r a c t e r i s t i c s   i n   t h e   c o n d u c t o r   s e l e c t e d .   I n   a t t e m p t i n g  t o  a c h i e v e  
i m p r o v e d   c o n d u c t o r   s t r e n g t h ,   t h e   e f f e c t   o f   c o n d u c t o r   c o m p o s i t i o n   a n d  
p r o c e s s i n g   t r e a t m e n t   o n   t h e  e lec t r ica l  r e s i s t i v i t y   o f   t h e   f i n a l   c o n d u c t o r  
and i t s  a b i l i t y   t o   b e   s a t i s f a c t o r i l y   j o i n e d   t o   o t h e r   c o n d u c t o r   o r   d u c t  
materials must a l s o   b e   c o n s i d e r e d .   C o n d u c t o r   c o m p o s i t i o n ,   p r o c e s s i n g ,  
a n d   j o i n i n g   d o   n o t   p r e s e n t   e x t r e m e l y   d i f f i c u l t   p r o b l e m s   i n   t h e   a p p l i -  
c a t i o n   o f   t h e   s e l e c t e d   c o n d u c t o r   m a t e r i a l s   t o  EM pump d e s i g n s .  

E l e c t r i c a l   c o n d u c t o r   i n s u l a t i o n s   f o r   t h e  EM pump m u s t   o p e r a t e   a t  800°F 
i n   a n   i n e r t   a t m o s p h e r e   a n d   p r o v i d e   a d e q u a t e   i n s u l a t i o n  a t  a maximum of 20 
v o l t s   t u r n - t o - t u r n   a f t e r   s h a p i n g .   S e v e r a l   t y p e s   o f   c o n d u c t o r   i n s u l a t i o n s  
h a v e   b e e n   s t u d i e d   o v e r   t h e   p a s t   s e v e r a l   y e a r s  for t e m p e r a t u r e s   i n   t h e  
800°F r a n g e   a n d   f o r   a p p l i c a t i o n s   i n  a i r .  The p r o t e c t i v e   a t m o s p h e r e   c o n -  
t e m p l a t e d   i n   t h e  EM pumps p r o t e c t s   t h e   c o n d u c t o r   f r o m   o x i d a t i o n .  

P r e v i o u s   h i g h   t e m p e r a t u r e   i n s u l a t i o n s   h a v e   e m p l o y e d   t h e   f o l l o w i n g  
c o n c e p t s :   1 )   a n o d i z e d   a l u m i n u m ,   2 )   m a t u r e d   g l a s s   e n a m e l   c o a t i n g s ,  3) f l ame  
s p r a y e d   o x i d e s   a n d   n i t r i d e s .  4) g l a s s   f r i t   i m p r e g n a t e d   g l a s s - s e r v i n g ,   a n d  
5) g r a n u l a r   g l a s s   c o a t i n g s .   A n o d i z e d   a l u m i n u m   h a s   b e e n   u s e d   s u c c e s s f u l l y  
a s  a h i g h   t e m p e r a t u r e   i n s u l a t e d   c o n d u c t o r .   T h i s   s y s t e m  is l i m i t e d ,  how- 
e v e r ,  by t h e   h i g h e r   r e s i s t i v i t y   a n d   t h e   l o w e r   m e c h a n i c a l   s t r e n g t h   o f   t h e  
a luminum  conductor   compared   to   d i spers ion   hardened  o r  c l a d   c o p p e r  or s i l v e r .  
The m a t u r e d   g l a s s   e n a m e l s   a r e   d i f f i c u l t   t o   a p p l y   u n i f o r m l y   o n   s m a l l   r a d i i  
c o n d u c t o r s   a n d   o n   c o r n e r   r a d i i   o f   r e c t a n g u l a r   c o n d u c t o r s ,   a n d ,   i n   g e n e r a l ,  
l a c k   s a t i s f a c t o r y  e lec t r ica l  i n s u l a t i n g   c h a r a c t e r i s t i c s  a t  e l eva ted   t emper -  
a t u r e s .   F l a m e   s p r a y e d   c o n d u c t o r s   l a c k   w o r k a b i l i t y   a n d   c o a t i n g   a d h e r e n c e .  
A t  e l e v a t e d   t e m p e r a t u r e s ,   b o t h   t h e   l o w   m e l t i n g ,   g l a s s   i m p r e g n a t e d   g l a s s -  
s e r v e d   i n s u l a t i o n s   a n d   t h e   g l a s s - f r i t t e d   c o a t i n g s   t h a t   m a t u r e   i n   p l a c e  
e x h i b i t   u n s a t i s f a c t o r y   c u r r e n t   l e a k a g e   a n d   h i g h   d i s s i p a t i o n   f a c t o r s   a t   l o w  
f r e q u e n c i e s .   U n t r e a t e d   g l a s s - s e r v e d  wire per forms w e l l  a t   e l e v a t e d   t e m p e r -  
a t u r e s   b u t  is imprac t i ca l   because   o f  i t s  p o o r   h a n d l i n g   c h a r a c t e r i s t i c s .  
C o n v e n t i o n a l   r e s i n   i m p r e g n a t e d   i n s u l a t i o n s   r e s u l t   i n   c a r b o n a c e o u s   d e p o s i t s  
d u r i n g  vacuum b u r n o u t   t h a t   p r o d u c e   p o o r   i n s u l a t i n g   c h a r a c t e r i s t i c s .   B u r n -  
o u t   o f   t h e   r e s i n   i n  a i r  e l i m i n a t e s   c a r b o n   b u t   r e q u i r e s   u n d e s i r a b l y   h i g h  
t empera tu res   (1200°F)   and   p ro t ec t ion   o f   t he   conduc to r   f rom  ox ida t ion .  
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Tne  devitrification  temperature of the  glass  of  conventionally  impregnated 
glass  serving  is  approached  during  burnout  at  these  temperatures.  The 
excellent  high  temperature  electrical  characteristics of E glass,  a  boro- 
silicate  glass, is indicated by  its  elevated  temperature  resistivity  in 
Table 9 and  by  successful  tests of unimpregnated,  double  glass-served #36 
AWG silver  conductor in  argon for 2,000 hours  at  1112OF. 

TABLE 9.  VOLUME RESISTIVITY O F  E GLASS AT SEVERAL  TEMPERATURES 

Resistivity,  Temperature, 
ohms/cm3 OF 

2 - 5 x 1 0  12 

1 x 10 7 

7 2  

1320 

1 x 10 6 1450 

1 x 10 5 1600 

T o  utilize  the  desirable  high  temperature  electrical  characteristics of 
resinless  insulation  and  the room temperature  handling  characteristics of 
resin  impregnated  glass-served  insulation  and  simultaneously  avoid  carbon 
deposits  during  resin  burnout  in  air,  the  following  procedure is recommended: 

1) Preparation of the  glass  filament  serving  with  the  inclusion 
of inorganic  lubricants,  such  as  boron  nitride,  which  are 
suspended  in  a  film  forming,  low  temperature,  fugitive 
(temporary)  binder,  such  as  polybutene,  polyvinyl  acetate, 
polyurethane, o r  similar  material. 

2) Preparation  of  double  glass-served  conductors  using  the  glass 
filamentary  materials  cited  above  with  additional  lubricant, 
filler, and  fugitive  binder to produce  an  insulated  conductor 
with  good  handling  characteristics. 

3) Fabrication of the  conductor  into  its  required  shapes, 
application  of  glass-mica  tape  coil/phase  insulation,  and 
installation  into  the  slots.  (The  need  for  wedges or 
for  further  insulation  in  the  form of slot  liners or tubes 
is not  anticipated.) 
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B a k e o u t   o f   t h e   f u g i t i v e   b i n d e r   i n  vacuum o r   u n d e r  
p r o t e c t i v e   a t m o s p h e r e   a t  l o w  t e m p e r a t u r e ,   l e a v i n g   o n l y  
g l a s s   s e r v i n g ,  f i l lers  a n d   l u b r i c a n t s   o n   t h e   c o n d u c t o r  
i n  i t s  f ina l   manufac tu red   componen t   con f igu ra t ion .  

I m p r e g n a t i o n   o f   t h e   c o n d u c t o r / i n s u l a t i o n   s y s t e m   w i t h  
e t h y l  s i l i ca t e ,  aluminum  phosphate,  or c o l l o i d a l  s i l i c i c  
a c i d   t o   p r o d u c e   a n   i n o r g a n i c  bond  of   the   assembled  
c o n d u c t o r / i n s u l a t i o n   s y s t e m .  

Some u n r e p o r t e d   p r e l i m i n a r y   w o r k ,   c u r r e n t l y   b e i n g   p e r f o r m e d   o n   t h i s   a p p r o a c h ,  
o f f e r s   t h e   p o s s i b i l i t y  of   deve loping  a s a t i s f a c t o r y   h i g h   t e m p e r a t u r e   c o n -  
d u c t o r   i n s u l a t i o n   s y s t e m .   T h e   f i n a l   d e t a i l s   o f   t h e   p r o c e s s i n g  may d i f f e r  
f rom  those   ou t l i ned   above .   Deve lop ing   t he   p rocess  w i l l  r equ i r e   h igh   t emper -  
a t u r e   e l e c t r i c a l   s t a b i l i t y  tests,  mechan ica l   and   v ib ra t ion  tests,  and c o i l  
fo rming   expe r imen t s .  

The h e a t   t r a n s f e r   d e s i g n   a p p r o a c h   f o r   p o l y p h a s e   i n d u c t i o n   p u m p s ,   a s  
d i s c u s s e d   i n   S e c t i o n  V-A, p r e s c r i b e s  a g a s   f i l l e d   s t a t o r   e n c l o s u r e .  The 
s e l e c t i o n   o f   g a s e s   f o r   t h i s   a p p l i c a t i o n   r e q u i r e s   a t t e n t i o n   t o   t h e r m a l  
c o n d u c t i v i t y ,  d ie lec t r ic  s t r e n g t h ,   a n d   c h e m i c a l   s t a b i l i t y   i n   t h e   e x p e c t e d  
envi ronment .  On the   bas i s   o f   t he rma l   conduc t iv i ty ,   he l ium  o r   hydrogen   a r e  
the   obv ious   cho ices .   O the r   p rope r t i e s   o f   t hese   gases ,   however ,   a r e   no t  
f a v o r a b l e .   T a b l e  10,  w h i c h   p r e s e n t s  some c o m p a r a t i v e   d a t a   o n   e l e c t r i c a l  
a n d   t h e r m a l   p r o p e r t i e s   o f   s e l e c t e d   g a s e s ,   i n d i c a t e s   t h a t   h e l i u m ,   n e o n ,   a n d  
argon  have poor d i e l e c t r i c   s t r e n g t h .   N i t r o g e n   h a s   b e e n   s e l e c t e d   a s   t h e   b e s t  

TABLE 10.  SELECTED  ELECTRICAL AND THERMAL PROPERTIES OF CERTAIN  GASESa 
(Refs .   98   and   99)  

~~~ " ~ ~~ - .  - - 
Arc-Over  Voltage,  b T h e r m a l   C o n d u c t i v i t v   a t   3 2  O F ,  

Gas Volts  Btu/hr-f  t2-OF/in..  Watts/OF-in. 
~~ 

A i r  1700 16 .5  x 3 .4  x 

Nit rogen   1800  16 .2  x 10-3 3.3 x 10-4 

Neon 360  32.0 x 6.5 x 

Helium  350  97.4 x 20 x 

Hydrogen  950  112.1 x 10-3 23 x 

Argon 5 90  11.2 x 2.3  x 
~ - "  - ~~~ ~~ _ _ - ~ - _ _ _ ~ -  
aValues a t  room or o t h e r   i n d i c a t e d   t e m p e r a t u r e   a n d   o n e   a t m o s p h e r e .  
bFor   0 .010- in .   un i fo rm  gap ,   dc ,   gas   on lv .  

~~ 
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c o m p r o m i s e   g a s   f o r   t h e  stator c a v i t y .   A l t h o u g h   o t h e r   g a s e s   h a v e   i n d i v i d u a l  
p r o p e r t i e s   t h a t  are s u p e r i o r ,   n i t r o g e n   h a s   t h e   b e s t   c o m b i n a t i o n   o f   e n g i n e e r i n g  
p r o p e r t i e s .   I n   a d d i t i o n ,  i t  h a s   e x h i b i t e d  sa t i s fac tory  c h a r a c t e r i s t i c s   i n  
p a s t   s e r v i c e   i n  a i r  i n s u l a t e d  pumps. A g a s   f i l l e d   a n d   s e a l e d   s t a t o r   c a v i t y  
p e r m i t s   t h e   s e l e c t i o n  of i m m e d i a t e l y   a v a i l a b l e   e l e c t r i c a l   i n s u l a t i o n   s y s t e m s ,  
whereas  a c a v i t y   o p e n  t o  s p a c e  vacuum  would n o t .  

W i t h i n   c e r t a i n  limits, t h e  electrical  spa rkove r   o f  a g a p   i n  a g a s  is 
c o n s t a n t   f o r  a c o n s t a n t   p r o d u c t  of gap stress a n d   g a s   p r e s s u r e .   T h e   s p a r k o v e r  
v a l u e   f a l l s  t o  a minimum w h i c h   g e n e r a l l y   o c c u r s  a t  v a r i o u s   p r e s s u r e  X gap 
p r o d u c t s   f o r   d i f f e r e n t   g a s e s .   T h i s   r e l a t i o n s h i p  was formal ized   by  F. Paschen 
a n d ,   h e n c e ,   c u r v e s   s h o w i n g   t h e   r e l a t i o n s h i p ,   s u c h  as t h o s e   i n   F i g u r e  64 ,  b e a r  
h i s  name. I t  i s  d e s i r a b l e  t o  limit t h e   f i l l i n g   p r e s s u r e  t o  approx ima te ly   one  
atmosphere a t  n o r m a l   o p e r a t i n g   t e m p e r a t u r e .  A 1  t hough   hydrogen   has   des i r ab le  
t h e r m a l   c o n d u c t i v i t y ,  i t  h a s   o n l y  fa i r  electrical  s t r e n g t h .   I n   a d d i t i o n ,  
t h e r e  i s  c o n c e r n   r e g a r d i n g   1 )   t h e   p o s s i b l e  loss of hydrogen   by   d i f fus ion   t h rough  
t h e  w a l l  a t  e l e v a t e d   t e m p e r a t u r e   a n d  2 )  u n c e r t a i n   m e t a l l u r g i c a l   e f f e c t s   w i t h  
h y d r o g e n .   T h e   u s e   o r   a d d i t i o n   o f   e l e c t r o n e g a t i v e   g a s e s  t o  improve   the  
breakdown s i t u a t i o n  was r e j e c t e d   b e c a u s e   o f   t h e   p o s s i b i l i t y   o f   t h e   d i s s o c i a t i o n  
o f   t h e  more c o m p l e x   g a s   u n d e r   r a d i a t i o n .  N o  s p e c i f i c   i n f o r m a t i o n  on t h i s   p o i n t  
w a s  o b t a i n e d .  

5 .  T h e r m a l   I n s u l a t i o n  

E x p e r i e n c e   w i t h   p r e v i o u s   d e s i g n s   i n   e l e c t r o m a g n e t i c  pumps h a s   i n d i c a t e d  
t h a t  a m u l t i l a y e r  metal f o i l   a n d  wire c l o t h  is s u i t a b l e   f o r   t h e  pump d e s i g n s  
o f   t h i s   s t u d y .   T h e   d a t a   i n   T a b l e  11 i n d i c a t e s   t h a t   f o u r   l a y e r s   e a c h   o f   f o i l  
and w i r e  would   p rovide  a b a r r i e r   w i t h  a c o n d u c t i v i t y   o f   a p p r o x i m a t e l y   0 . 0 1 5  
t o  0.003 watt/OF-in.  I t  w a s  e s t i m a t e d   t h a t   t h e   c o n d u c t i v i t y   w o u l d   d r o p  t o  
be low  0 .015   wat t /OF- in .   in  vacuum w i t h  a 1200 OF d u c t  w a l l .  F o r   d e s i g n  
p u r p o s e s ,  a va lue   o f  0.002 watt/OF-in.  was c h o s e n .   T h i s   v a l u e  i s  u s e d   i n   t h e  
d e s i g n   c a l c u l a t i o n s   o f   S e c t i o n  V .  
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TARLE 11. THERMAL CONDUCTIVITIES OF COMPOSITE METAL THERMAL SHIELDS~ 

-- - Thermal CI 
Btu-in 

hr-f tL-OF 

1 .06  
1 .23  
1.59 
1.10 

l d u c t i v i t y  
Watts 
OF-ig . 
x 10 

2.14 
2.50 
3 .23  
2.23 

". . - - . . - - 
- 
" 

"_ 
2.50 

2.14 

2.50 

" 

1.75  

- ." 
1.28  

1.88 

1.52 

Av . 
Thk., 

i n .  

0.020 
0.010 
0.020 

0.020 
0.010 
0.020 
0.010 
0,020 

0.013 
0.003 
0.013 
0.003 

0.003 
0.026 
0.003 

0.013 

0.003 
0.013 

0.003 

0.006 

0.006 

0.005 

Wire 
Dia., 

i n .  

Open To ta l  Mean 
Area  Thk.,  Compress. Temp., 

% i n ,   p s i  OF 
8 

0.050  100  561 
100 574 
100  621 
35  640 

Mesh. 
S ize ,  

no . / in .  
Composite 

Construction 

Type  347 SS Screen 
Type  347 SS Sheet 
Type  347 SS Screen 

Type  347 SS Screen 
Type  347 SS Sheet 
Type  347 SS Screen 
Type  347 SS Sheet 
Type  347 SS Screen 

Type  347 SS Screen 
Type  347 SS Sheet  
Type  347 SS Screen 
Type  347 SS Sheet 

Type  347 SS Sheet 
Type  347 SS Screen 
Type  347 SS Sheet 

Type  347 SS Screen 
Type  347 SS Solara-  

amic  Sheet 
Type  347 SS Screen 
Type  347 SS Solara-  

amic  Sheet 

Type  347 SS Screen 

2  Layers  Type  347 
SS Screen 

2  Layers  Type  347 
SS Screen 

Sample 
No. 

1 
0.010 

0.010 

18 x 18 

18 x 18 

0.010 

0.010 

0.010 

18 x 18 

18 x 18 

18 x 18 

2 

0.0055 

0.0055 

54 x 54 

54 x 54 3 

W 
I 

4 
I 

4 0.010 40 x 40 

0,0055 

0.0055 

54 x 54 

54 x 54 5 

6 0.0025 160 x 160 

7 
0.0025 37  0.0105  100  689  0.929 

47.1  0.0085  100  676  0.750 l- 8 
0.0019 165 x 165 I, I " 

" 

a A i r  environment  (Ref.lOO). 
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IV. SPACE  POWER SYSTEMS CONSIDERATIONS 

A. System Cr i te r ia  f o r  Pump S e l e c t i o n  

After r e l i a b i l i t y ,   t h e   m o s t   i m p c r t a n t   c h a r a c t e r i s t i c   o f   s p a c e   p o w e r   s y s t e m s  
components i s  we igh t .  Nor i s  i t  s u f f i c i e n t  to  c o n s i d e r   t h e   w e i g h t  of t h e  
componen t   a lone .   Ra the r ,  to  select the   bes t   componen t s   and   sys t ems ,   t he   t o t a l  
c o n t r i b u t i o n   t h a t   e a c h   c o m p o n e n t   m a k e s   t o   t h e   o v e r - a l l   p o w e r   p l a n t   w e i g h t   m u s t  
be   de t e rmined .  The cus tomary   approach  i s  to  c a l c u l a t e   w e i g h t s   o f   e a c h  
i d e n t i f i a b l e   c o m p o n e n t   a n d  to  a s s i g n   w e i g h t   p e n a l t i e s   f o r   t h e   c o n t r i b u t i o n  
that   each  component   makes to  over -a l l   power   p lan t   weight .   Power   consumed  by  
a component, f o r  e x a m p l e ,   c o n t r i b u t e s  t o  t h e   o v e r - a l l   p o w e r   p l a n t   w e i g h t   a n d  
t h e   a s s o c i a t e d   p e n a l t y   c a n   b e   d e f i n e d  as p l a n t   w e i g h t   i n c r e m e n t   p e r   u n i t   o f  
p o w e r   c o n s u m e d .   S i m i l a r l y ,   t h e   l a g g i n g   p o w e r   f a c t o r   c h a r a c t e r i s t i c   o f   i n d u c t i o n  
pumps r e q u i r e s   a d d e d   c a p a c i t a n c e   i n   t h e   p o w e r   s u p p l y .  Thus, a w e i g h t   p e n a l t y  i s  
a s s i g n e d   o n   t h e   b a s i s   o f   t h e   r e a c t i v e   p o w e r  demand o f   t h e  pump. 

As a power p l a n t   d e s i g n   . p r o g r e s s e s ,   t h e   w e i g h t   a n a l y s i s   b e c o m e s   i n c r e a s i n g l y  
d e t a i l e d   a n d   t h e   r e s u l t a n t   w e i g h t  estimate becomes  more r e f i n e d .   O b v i o u s l y ,  a t  
t h i s   d e v e l o p m e n t a l   s t a g e ,   h i g h l y   d e t a i l e d   w e i g h t   a n a l y s e s   o f  EM pumps are 
unwar ran ted .  I t  i s  i m p o r t a n t   o n l y   t h a t   t h e   m a j o r  items of   weight   be   recognized  
a n d   t h a t   e a c h   b e   c o n s i d e r e d   s u f f i c i e n t l y   t o   i n s u r e   p r o p e r   p r e l i m i n a r y   s e l e c t i o n s  
r e l a t i v e   t o  pump type  and major c h a r a c t e r i s t i c s   a f f e c t i n g   p r e l i m i n a r y  pump 
d e s i g n .   W i t h i n   t h e   p r e c e d i n g   l i m i t a t i o n s ,   t h o s e  items cons idered   beyond 
pump we igh t  are : 

1 )  Weigh t   pena l ty  fo r  power  consumed  by t h e  pump and i t s  
power  supply.  

2 )  Power  supply  equipment   weight .  

3 )  Cool ing .  

a .   Equ ipmen t   we igh t ,  i . e . ,  r a d i a t o r ,   c o o l a n t  pump, 
and i t s  power  supply  and  piping.  

b ,   Weight   penal ty   for   power  consumed by t h e   c o o l a n t  
Pump * 

4 )  Reac t ive   power   pena l ty   occas ioned   by   u s ing  ac pumps. 

Items t h a t   c a n   b e   r e c o g n i z e d  a t  t h i s  time bu t   wh ich   have   no t   been   i nc luded   i n  
t h i s   s t u d y  are: 

1 )  Power c a b l i n g   a n d   c o n t r o l   a n d   i n s t r u m e n t   w i r i n g   t h a t  
r e q u i r e   p r e l i m i n a r y   s p a c e   c r a f t   l a y o u t s   t o   e v a l u a t e .  
I n  ac pumps, t h i s  item i s  s m a l l   c o m p a r e d   t o   t h e   o v e r - a l l  
pump e q u i v a l e n t   w e i g h t s .  B e c a u s e  o f   t h e   v e r y   h i g h  
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c u r r e n t s   r e q u i r i n g   l a r g e   b u s   b a r   c r o s s   s e c t i o n s ,  
dc   conduc t ion  pump we igh t  may b e   s u b s t a n t i a l l y  
i n c r e a s e d  by t h i s  item. 

2 )  C o n t r o l   a n d   p r o t e c t i v e   s w i t c h g e a r .  

B.  Power  Weight   Penal ty  

T h e   i n c r e m e n t a l   a d d i t i o n   t o   t h e   o v e r - a l l   p o w e r   p l a n t   w e i g h t   c a u s e d  
b y   u s i n g   e l e c t r i c a l l y   d r i v e n   c o m p o n e n t s  was set at  10 lb/kw e l e c t r i c a l  
p o w e r   d r a w n   f r o m   t h e   m a i n   e l e c t r i c   p o w e r   s o u r c e   f o r   t h e   t u r b o e l e c t r i c  
sys t em a n d   a t  9 lb /kw  fo r   t he   t he rmion ic   sys t em.   These   va lues   were  
e s t a b l i s h e d   a s   b a s i c   a s s u m p t i o n s  a t  t h e   i n i t i a t i o n  of t he   s tudy   p rogram.  
The   we igh t   pena l ty  i s  assumed t o   c o v e r   t h e   e n t i r e   n u c l e a r   p o w e r   p l a n t  
e x c e p t   t h e  pumps a n d   d i r e c t l y   r e l a t e d   e q u i p m e n t   c o v e r e d   b e l o w .   T h i s  
w e i g h t   p e n a l t y  i s  u s u a l l y   a s   l a r g e   i n   m a g n i t u d e   a s   t h e   w e i g h t  of t h e  
pump i t s e l f .  The sum of   power  weight   penal ty   and pump w e i g h t   c o n s t i t u t e  
o v e r   t h r e e - q u a r t e r s   o f   t h e   t o t a l   w e i g h t   c r i t e r i o n   f o r   m o s t  pumps and is, 
t h e r e f o r e ,   u s e d   f o r   i n i t i a l   o p t i m i z a t i o n   w i t h   t h e   p e r f o r m a n c e   p r e d i c t i o n  
c o m p u t a t i o n s   d i s c u s s e d   i n   S e c t i o n  V.  

C .  Power  Condi t ioning 

To c o v e r   t h e   r a n g e   o f  EM pump a p p l i c a t i o n s   w h i c h   a r e   u n d e r   i n v e s t i -  
g a t i o n ,   d i f f e r e n t   t y p e s   o f   p o w e r   c o n d i t i o n i n g   e q u i p m e n t  must be   cons ide red :  

1 )   H i g h   f r e q u e n c y   a c   t o  low f r e q u e n c y   a c   c o n v e r t e r  
( r e q u i r e d   f o r   a p p l i c a t i o n   o f   a c  pumps t o  t u r b o e l e c t r i c  
systems). 

2)  DC t o   t h r e e - p h a s e   a c   c o n v e r t e r   ( r e q u i r e d   f o r   a p p l i c a t i o n  
o f   a c  pumps t o   t h e r m i o n i c   s y s t e m s ) .  

3) AC t o  low v o l t a g e   d c   c o n v e r t e r   ( r e q u i r e d   f o r   a p p l i c a t i o n  
o f   d c  pumps t o   t u r b o e l e c t r i c   s y s t e m s ) .  

4 )  DC t o  low v o l t a g e   d c   c o n v e r t e r   ( r e q u i r e d   f o r   d c  pumps i n  
t h e r m i o n i c   s y s t e m s ) .  

1. AC F requency   Conver t e r  

Fo r   app ly ing   t h ree -phase   ac  pumps i n   t u r b o e l e c t r i c  power sys t ems ,  t h e  
c y c l o c o n v e r t e r   d e v i c e   i n   F i g u r e  65 was s e l e c t e d .   T h i s   t y p e   f r e q u e n c y  
c o n v e r t e r  i s  op t imum  where   t he   f r equency   conve r s ion   r a t io  i s  r e a s o n a b l y  
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high  (above 10/1) and   where   t he   h igh   f r equency  i s  a t   t h e   i n p u t  side. 
The   p r inc ipa l   power   hand l ing   componen t s   o f   t h i s   dev ice  are t h e   e i g h t e e n  
c o n t r o l l e d   r e c t i f i e r   t y p e ,   h i g h   s p e e d   e l e c t r o n i c   s w i t c h e s .   T h e s e   a r e  
a r r a n g e d   i n   s i x   c o m m u t a t i n g   g r o u p s ,   o n e   f o r   e a c h   o f   t h e  low f r equency  
o u t p u t   p h a s e s .   T h e   a i r   c o r e   r e a c t o r s ,   c o n n e c t e d   b e t w e e n   t h e   t h r e e  
p a i r s   o f   f o r w a r d   a n d   r e v e r s e   o u t p u t   p h a s e s ,   s e r v e  as p r o t e c t i o n   a g a i n s t  
h i g h   f r e q u e n c y   l i n e - t o - l i n e   s h o r t s   r e s u l t i n g   f r o m   s p u r i o u s   m i s f i r i n g  
o f   t h e   c o n t r o l l e d   r e c t i f i e r s .   T h e s e   r e a c t o r s   h a v e  a l a r g e   r e a c t a n c e  
a t  t h e   h i g h   f r e q u e n c y   b u t  a  low  impedance ( i n  series w i t h   t h e   l o a d )  a t  
t h e  low f r e q u e n c y .   F i r i n g   t h e   c o n t r o l l e d   r e c t i f i e r s  i s  timed  and 
a c t u a t e d  by  low  power l e v e l   c o n t r o l   c i r c u i t s ,   w h i c h   r e p r e s e n t  a s m a l l  
f r a c t i o n   o f   t h e   t o t a l   w e i g h t   a n d  power l o s s   o f   t h e   d e v i c e .   T h i s   c o n t r o l  
c i r c u i t r y   p r o v i d e s   f o r   b o t h   r e c t i f i e r   a n d   i n v e r t e r   a c t i o n   o f   t h e   c o n t r o l l e d  
r e c t i f i e r s  so t h a t   t h e   c i r c u i t  may h a n d l e  low f requency   loads   o f   any   power  
f a c t o r .   A n o t h e r   f e a t u r e   o f   t h e   c y c l o c o n v e r t e r  i s  t h e   f a c t   t h a t  i t  can 
be r e a d i l y   d e s i g n e d   t o   p r o v i d e   v a r i a b l e  pump i n p u t   v o l t a g e   t o   c o n t r o l  
pump f l o w .   T h e   f a c t   t h a t   t h e   i n d u c t i o n   t y p e  EM pump p r o v i d e s   f o r   c o n t i n -  
u o u s   v a r i a t i o n  of f l o w   u s i n g   i n p u t   v o l t a g e   v a r i a t i o n  i s  c e r t a i n l y   o n e  
o f  i t s  i m p o r t a n t   a d v a n t a g e s   o v e r   a l t e r n a t e   t y p e s   o f  pumps t h a t   r e q u i r e  
t h r o t t l e   v a l v e   t y p e   f l o w   c o n t r o l .  

Ces ium  vapor   t hy ra t ron   t ubes ,   cu r ren t ly   unde r   deve lopmen t ,   a r e   p roposed  
a s  t h e  u l t i m a t e l y   a v a i l a b l e   c o n t r o l l e d   r e c t i f i e r   s w i t c h e s .   T h e s e   t u b e s  
w i l l  b e   s u i t a b l e   f o r   s e r v i c e   i n  a space   power   cyc loconver te r   power ing  
l o a d s ,   s u c h   a s  60 c y c l e   a c  pumps f rom  a   h igh   f requency   (1000  cps   to  3200 
c p s )   i n d u c t o r   a l t e r n a t o r  p o w e r   s o u r c e .   T h e   t u b e s   a r e   h i g h l y   r a d i a t i o n  
r e s i s t a n t   a n d   o p e r a t e   a t  a h i g h   t e m p e r a t u r e ,  1475 OF. T h e   e f f i c i e n c y   o f  
t h e   c y c l o c o n v e r t e r   u s i n g   p r o j e c t e d   c e s i u m   v a p o r   t h y r a t r o n s   c a n  be 
e s t i m a t e d   c o n s e r v a t i v e l y   a t  90%. The   heav ie s t   componen t s   o f   t he   dev ice  
a r e   t h e " a i r   c o r $   r e a c t o r s .   T h e i r   s p e c i f i c   w e i g h t  i s  p l o t t e d   a s  a f u n c t i o n  
o f   c a p a c i t y   l e v e l   i n   F i g u r e  66. I n c l u d i n g   t h e   c o n t r o l s   a n d   c o o l i n g  
equ ipmen t ,   t he   cyc loconver t e r   can  be e s t i m a t e d   c o n s e r v a t i v e l y   a t   o n e  
lb/kw. 

2. Low V o l t a g e   R e c t i f i e r   C i r c u i t  

F o r   a p p l y i n g   d c  pumps i n   a c  power  systems, a  low v o l t a g e ,   t h r e e - p h a s e  
r e c t i f i e r   c i r c u i t ,   s u c h   a s   t h a t  shown i n  F i g u r e  67 i s  r e q u i r e d .  The double  
Y,  s i x - p h a s e   r e c t i f i e r   u s i n g   t h e   i n t e r p h a s e   t r a n s f o r m e r  i s  a  good s e l e c t i o n  
f o r   t h i s   a p p l i c a t i o n ,   s i n c e  i t  p r o v i d e s  low dc v o l t a g e   r i p p l e   a n d   h i g h  
t r a n s f o r m e r   u t i l i z a t i o n   a n d   h a s   o n l y  a f i x e d   d i o d e   f o r w a r d   v o l t a g e   d r o p  
i n   t h e  dc o u t p u t   c i r c u i t .   H i g h   t e m p e r a t u r e ,  low f o r w a r d   v o l t a g e   d r o p   ( o n e   v o l t  
or less) ces ium  vapor   d iode   t ubes  are cu r ren t ly   unde r   deve lopmen t .   These  
a r e   p r o b a b l y   t h e   b e s t   t y p e   r e c t i f i e r   c o m p o n e n t s   f o r   t h i s   a p p l i c a t i o n .  

T h e   w e i g h t   o f   t h i s   t r a n s f o r m e r   r e c t i f i e r  i s  p r i n c i p a l l y   i n   t h e   t r a n s -  
former  component .   Figure 68 shows t h e   s p e c i f i c   w e i g h t   o f   t h r e e - p h a s e  
t r a n s f o r m e r s   i n   t h e  400 c p s   f r e q u e n c y   r a n g e .   T h i s   a g r e e s   w i t h   r e s u l t s  
r e p o r t e d   i n   r e f e r e n c e s   1 0 1   a n d   1 0 2 .   T o   a l l o w   f o r   e x c e s s   t r a n s f o r m e r  

-101- 



c a p a c i t y   r e q u i r e d   f o r   t h e   r e c t i f i e r   c i r c u i t   a p p l i c a t i o n   a n d   t o   p r o v i d e  
f o r   c o o l i n g   e q u i p m e n t ,   r e c t i f i e r s ,   a n d   c a b l i n g ,  a s p e c i f i c   w e i g h t   o f  
one   l b /kw  has   been   e s t ima ted   fo r   t h i s   t ype   power   supp ly   equ ipmen t .  

For  a d c   o u t p u t   v o l t a g e   l e v e l   o f  3 t o  5 vo l t s   (wh ich   wou ld   p rov ide  
power t o   s e v e r a l   d c  pumps i n   s e r i e s ) ,   a n   e f f i c i e n c y   o f  80% can  be  
e s t i m a t e d   u s i n g   p r o j e c t e d   p e r f o r m a n c e   d a t a   f o r   t h e   c e s i u m   v a p o r   d i o d e s .  
I n   t h i s   c o n n e c t i o n ,   t h e   a s s u m p t i o n   t h a t   d c   c o n d u c t i o n  pumps may be  
c o n n e c t e d   i n  series s h o u l d   b e   u n d e r l i n e d .  A s  i n d i c a t e d   s u b s e q u e n t l y ,  
t h e   d e s i g n   v o l t a g e s   f o r   t h e s e   d e v i c e s   a r e   n e a r   1 / 2   v o l t .   I f   r e l i a b i l i t y  
c o n s i d e r a t i o n s   p r e v e n t   u s i n g   t h e  series a r r a n g e m e n t ,   t h e n   t h e   d c   c o n d u c t i o n  
pump w i l l  be   burdened   wi th  a g r e a t e r   w e i g h t   p e n a l t y   t h a n   t h a t   p r e s e n t e d  
i n   t h i s   s e c t i o n   b e c a u s e   o f   r e d u c e d  p o w e r   c o n v e r s i o n   e f f i c i e n c y .  

3 .   T h r e e - p h a s e   I n v e r t e r   C i r c u i t  

T h i s   d e v i c e  i s  ve ry  similar, i n s o f a r   a s  i t s  power  handling  components 
a r e   c o n c e r n e d ,   t o   t h e   r e c t i f i e r   c i r c u i t   i n   F i g u r e   6 7 .   I n   a d d i t i o n ,  a 
c y c l o c o n v e r t e r   h a s   b e e n   a d d e d   b e t w e e n   t h e   i n v e r t e r   a n d   t h e   f i n a l   o u t p u t .  
T h e   a d v a n t a g e s   o f   u s i n g   t h e   c y c l o c o n v e r t e r   i n   t h i s   m a n n e r   a r e   t h e   f o l l o w i n g :  

1 )  By u s i n g  a h i g h   f r e q u e n c y   i n v e r t e r ,   t h e   w e i g h t   o f   t h e  
t r a n s f o r m e r s   ( a n d   c a p a c i t o r s )  i s  s i g n i f i c a n t l y   r e d u c e d .  

2 )   T h e   p o w e r   f a c t o r   o f   t h e   i n v e r t e r   c i r c u i t  i s  n e a r l y  
u n i t y   r e g a r d l e s s   o f   t h e  low f r e q u e n c y   a c  pump power 
f a c t o r .   T h i s   b a s i c   c h a r a c t e r i s t i c   o f   t h e   c y c l o -  
c o n v e r t e r   d e v i c e  i s  e x p l a i n e d   i n   r e f e r e n c e   1 0 3 .  A 
h igh   power   f ac to r   r educes   we igh t   and  electrical  
l o s s e s   i n   t h e   i n v e r t e r .  Ces ium  vapor   con t ro l l ed  
r e c t i f i e r s   a r e   s e l e c t e d   f o r   b o t h   i n v e r t e r   a n d  
c y c l o c o n v e r t e r   e l e c t r o n i c   s w i t c h e s .  

T h e   o v e r - a l l   e f f i c i e n c y   o f   t h e  pump power  supply i n   F i g u r e   6 9  i s  
e s t i m a t e d   a t   8 7 %   a n d   t h e   s p e c i f i c   w e i g h t  i s  1 .6   lbs /kw.   This  i s  based  
on t h e   w e i g h t s   o f   t r a n s f o r m e r s   a n d   c y c l o c o n v e r t e r s   a s   d i s c u s s e d   a b o v e  
a n d   t h e   w e i g h t s   o f   c a p a c i t o r s   a s   r e p o r t e d   i n   r e f e r e n c e  104. 

4. DC t o  DC Vol tage   Conver t e r  

T h i s   d e v i c e ,  shown i n   F i g u r e  70, compr i se s  a s i n g l e   p h a s e   a u t o - i m p u l s e  
commutated  (square  wave)  inverter  combined  with a  low v o l t a g e   r e c t i f i e r .  
C e s i u m   v a p o r   t h y r a t r o n s   a r e   s e l e c t e d   f o r   t h e   i n v e r t e r   c i r c u i t   s w i t c h i n g  
d e v i c e s .  A c e n t e r - t a p p e d   t r a n s f o r m e r  i s  u s e d   t o   p r o v i d e   o n l y  a s i n g l e  
d i o d e   f o r w a r d   d r o p   v o l t a g e  loss  i n   t h e   o u t p u t   c i r c u i t .   T h i s   a f f o r d s  
maximum e f f i c i e n c y   b u t   r e s u l t s   i n  a h i g h e r   t r a n s f o r m e r   s p e c i f i c   w e i g h t  
t h a n   t h o s e   d i s c u s s e d   a b o v e .   E s t i m a t e d   e f f i c i e n c y  i s  80% u s i n g  a cesium 
v a p o r   d i o d e   f o r   t h e   o u t p u t   r e c t i f i e r s .  A r e a s o n a b l e   d e s i g n   s p e c i f i c  
weight  i s  1 .5   lbs /kw.   This  i s  somewhat  more c o n s e r v a t i v e   t h a n   v a l u e s   f o r  
s i m i l a r   c i r c u i t s   r e p o r t e d   i n   r e f e r e n c e   1 0 4 .  
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D. React ive  Power 

R e a c t i v e   p o w e r   d e l i v e r e d   t o   t h e   e l e c t r o m a g n e t i c  pumps n e c e s s a r i l y  
c a r r i e s  a w e i g h t   p e n a l t y   f o r   t h e s e   r e a s o n s :  

1) I n c r e a s e d   c u r r e n t  i n  a l t e r n a t o r   w i n d i n g s ,   d i s t r i b u t i o n  
busses ,   and   power   cond i t ion ing   componen t s   r e su l t s   i n  
i n c r e a s e d   l o s s e s   a n d / o r   w e i g h t   o f   t h e s e   c o m p o n e n t s .  

2)  The t o t a l   f l u x   i n   a n   i n d u c t o r   a l t e r n a t o r   m a g n e t i c  
c i r c u i t  i s  a s e n s i t i v e   f u n c t i o n   o f   t h e   m a c h i n e   l o a d  
power f a c t o r .   T h i s   r e s u l t s   f r o m   t h e   e f f e c t s   o f   a r m a t u r e  
r e a c t i o n   u p o n   t h e  unwound  homopolar r o t o r   p o r t i o n   o f  
t h e   m a g n e t i c   c i r c u i t .   T h e   w e i g h t   o f   t h e   m a c h i n e ,   i n  
t u r n ,   d e p e n d s   h e a v i l y   u p o n   t h e   t o t a l   f l u x ' w h i c h   m u s t  
b e   c a r r i e d  by t h e   m a g n e t i c   c i r c u i t .   F i g u r e s   7 1   a n d  
72 show t h e   v a r i a t i o n   o f   m a c h i n e   w e i g h t   a n d   e f f i c i e n c y  
w i t h   l o a d   f o r  a t y p i c a l  500 kw i n d u c t o r   a l t e r n a t o r  
d e s i g n .   F i g u r e   7 3   s h o w s   t h e   r e l a t i o n s h i p   b e t w e e n   p e r c e n t  
power f a c t o r ,   k v a r   r e a c t i v e   p o w e r ,   a n d  kw r e a l  power 
i n p u t   t o   t h e  pump. 

I n  a t y p i c a l   t u r b o e l e c t r i c   s p a c e  power   sys t em  us ing   ac   i nduc t ion   t ype  
EM pumps, i t  i s  p r o b a b l e   t h a t   t h e  pumps w i l l  b e   l o c a t e d   i n   c l o s e   p r o x i m i t y  
t o   t h e   g e n e r a t o r   a n d   t h a t   t h e  pump power  supply  equipment w i l l  r e c e i v e  
power d i r e c t l y   f r o m   t h e   a l t e r n a t o r .   F o r   s u c h  a s y s t e m ,   t h e   w e i g h t   p e n a l t y  
a s s i g n a b l e   t o   t h e   r e a c t i v e  power   l oad   o f   t he  EM pumps can  be  based  upon 
t h e   e f f e c t s   o f   t h i s   l o a d  on a l t e r n a t o r   w e i g h t   a n d   e f f i c i e n c y .   T h e   e f f e c t s  
o f   t h i s   r e a c t i v e  power   load   upon  the   weight   and   losses   o f   the   f requency  
c o n v e r t e r   a r e ,   f o r   t y p i c a l  EM pump l o a d s ,   s a f e l y   c o v e r e d  by t h e   a s s u m p t i o n s  
o f  90% e f f i c i ency   and   one   l b /kw  fo r   t he   f r equency   conve r t e r   equ ipmen t .  
A d d i t i o n a l l y ,   a n   i m p o r t a n t   c h a r a c t e r i s t i c   o f   t h e   c y c l o c o n v e r t e r   t y p e  
f r e q u e n c y   c o n v e r t e r  i s  t h e   f a c t   t h a t ,   a l t h o u g h  a  low  power f a c t o r   l o a d  
may be   p l aced  on t h e  low f r e q u e n c y   o u t p u t   o f   t h e   c o n v e r t e r ,   t h e   l o a d   s e e n  
by the   h igh   f requency   power   source  i s  a n e a r   u n i t y   p o w e r   f a c t o r   l o a d   o f  
v a r y i n g   a m p l i t u d e .   R e f e r e n c e   1 0 3   e x p l a i n s   t h i s   c h a r a c t e r i s t i c   o f   t h e  
c y c l o c o n v e r t e r .  By c o n n e c t i n g   s e v e r a l   c y c l o c o n v e r t e r   u n i t s   i n   p a r a l l e l  
o p e r a t i n g   o u t  of p h a s e   w i t h   e a c h   o t h e r ,   t h e   i d e a l   r e s u l t   o f  a c o n s t a n t  
u n i t y  power f a c t o r   a p p a r e n t   l o a d  on the   h igh   f r equency   power   sou rce   can  
b e   a p p r o a c h e d .   F o r   t h e   p r e s e n t   s t u d y ,   t h e   p o s s i b i I i t y   o f   h i g h   p o w e r   f a c t o r  
w i l l  be   ignored,   and a r e a c t i v e   p o w e r   w e i g h t   p e n a l t y  w i l l  b e . a s s i g n e d .  

F o r   t u r b o e l e c t r i c  p o w e r   s y s t e m s ,   t h i s   w e i g h t   p e n a l t y  w i l l  be   based  
upon t h e   e f f e c t s   o f   r e a c t i v e   k v a   u p o n   a l t e r n a t o r   w e i g h t   a n d   e f f i c i e n c y .  
F o r   t h e r m i o n i c   p o w e r   s y s t e m s ,   t h i s   w e i g h t   p e n a l t y  w i l l  be   based   on   t he  
w e i g h t   o f   c a p a c i t o r s   r e q u i r e d   t o   n e u t r a l i z e   t h e  pump r e a c t i v e   k v a  at  
t h e   h i g h   f r e q u e n c y   o u t p u t   o f   t h e   i n v e r t e r   c i r c u i t .  
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1. AC Pumps A p p l i e d   t o   T u r b o e l e c t r i c   S y s t e m s  

KVAR W t .  P e n a l t y  = 
Lb s - A ( A l t e r n a t o r  W t  .) 

KVAR a t  Pump I n p u t  
- A W A R  

+ A ( A l t e r n a t o r   O u t p u t )  ~~ Lb s 
A KVAR 

- x  
Kw o u t p u t  

T h e   q u a n t i t i e s  A a l t e r n a t o r   w e i g h t / A   k v a r   a n d  A a l t e r n a t o r   o u t p u t / A   k v a r  
are  e v a u l a t e d  f r q m  F i g u r e  7 1  a t  a machine   power   fac tor  of 0.85 (which i s  
assumed t o   b e  a r e a s o n a b l e   o v e r - a l l   l o a d   p o w e r   f a c t o r  a t  t h e   a l t e r n a t o r  
o u t p u t ) ,   w i t h   t h e   r e s u l t s   t h a t  

KVAR W t  . P e n a l t y  = - + - x 1 0  = 0.75 l b / k v a r  10 10 
4 0  200 

2. AC Pumps App l i ed  t o  Thermionic   Power  Systems 

For t h i s   a p p l i c a t i o n ,   t h e   r e a c t i v e   k v a   w e i g h t   p e n a l t y  w i l l  be   based 
u p o n   t h e   w e i g h t   o f   c a p a c i t o r s   r e q u i r e d  t o  n e u t r a l i z e   t h e   l a g g i n g  power 
f a c t o r   o f   t h e  EM pump l o a d   i n   t h e   i n v e r t e r   c i r c u i t .   T h e  power c o n d i t i o n i n g  
c i r c u i t  shown i n   F i g u r e  69, i n   w h i c h  a f r e q u e n c y   c o n v e r t e r  i s  used  between 
a h i g h   f r e q u e n c y   i n v e r t e r   a n d   t h e  EM pump, w i l l  b e   t h e   b a s i s   f o r   c a l c u l a t i o n .  
An i n v e r t e r   o u t p u t   p h a s e   v o l t a g e   o f  500 and a f r equency   o f  2,000 c p s   a r e  
a l so   a s sumed .  

E2 
R e q u i r e d   C a p a c i t i v e  KVAR = - = E2  2 nfC x 1000 = 0.32 Lf/KVAR X 

C 

KVAR W t  . P e n a l t y  = 
Requ i red   Capac i t ance  Lb s 

KVAR 
X 

Capac i t ance  

It is e s t i m a t e d   t h a t  a w e i g h t   o f   o n e   l b / p f  is  a reasonable   development  
g o a l   f o r   h i g h   t e m p e r a t u r e   r a d i a t i o n   r e s i s t a n c e   c a p a c i t o r s   o f   t h e   s p e c i f i e d  
v o l t a g e   a n d   f r e q u e n c y   r a t i n g .   U s i n g   t h i s   v a l u e :  

R e a c t i v e  KVA W t .  P e n a l t y  = 0.32 l b  
KVAR 
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To a c c o u n t   f o r   c a p a c i t o r   l o s s e s   a n d   c o o l i n g ,   t h i s   v a l u e  w i l l  b e   i n c r e a s e d  
a p p r o x i m a t e l y  50% t o   1 / 2   l b / k v a r .   B e c a u s e   o f   t h e   r e l a t i v e l y  low v a l u e  
o f   t h i s   w e i g h t   p e n a l t y ,   f u r t h e r   r e f i n e m e n t   i n  i t s  e v a l u a t i o n  seems 
unwar ran ted .  

E .  Coo l ing  
To d e f i n e   a n d   e v a l u a t e   b a s i c   p a r a m e t e r s   i n v o l v e d   i n   t h e   c o m p u t a t i o n  of 

c o o l i n g   w e i g h t   p e n a l t i e s   f o r   e l e c t r o m a g n e t i c  pumps and t h e i r   a s s o c i a t e d  
power   supp ly   equ ipmen t ,   t yp ica l   t u rboe lec t r i c   and   t he rmion ic   power   sys t em 
c o n f i g u r a t i o n s   h a v e   b e e n   d e f i n e d   a n d   a n a l y z e d   f r o m   t h e   s t a n d p o i n t   o f  pump 
and pump c o o l i n g   r e q u i r e m e n t s .   F i g u r e s  74 and  75  show  schematic  flow 
d iag rams   o f   t hese   two   sys t em  conf igu ra t ions .   F low  r a t e s   and  pump power 
l e v e l s   c o r r e s p o n d i n g   t o   a n   o u t p u t   c a p a c i t y   o f   o n e  MW have  been  determined 
f o r   t h e s e   a l t e r n a t e   s y s t e m s .   T a b l e   1 2   s u m m a r i z e s  pump and pump power  con- 
d i t i o n i n g   d e s i g n   d a t a   p e r t a i n i n g   t o   t h e s e  two sys t ems .   These   da t a   i nc lude  
v a l u e s   f o r   b o t h   a c   a n d   d c  pumps i n   e a c h  of t h e   d e f i n e d   p u m p i n g   f u n c t i o n s  
es t imated   f rom  Tables   17-30   us ing   the  pump c a p a b i l i t y   p a r a m e t e r   c o n c e p t   a s  
d i s c u s s e d   i n   S e c t i o n s  V.C.  and D. 

The t u r b o e l e c t r i c  s y s t e m  f low  ne twork   has   th ree   main   f low  loops :  
1 )   p r i m a r y   c o o l a n t   a l l   l i q u i d   f l o w   l o o p ,   2 )   t u r b i n e   w o r k i n g   f l u i d  two- 
phase   l oop ,   and  3) t h e   a l l   l i q u i d   h e a t   r e j e c t i o n   l o o p .  (The l a t t e r   l o o p  
h a s   b e e n   s u b d i v i d e d   f o r   r e l i a b i l i t y . )   I n   a d d i t i o n ,   t h e r e  i s  a  low  temper- 
a t u r e   h e a t   r e j e c t i o n   l o o p   p o w e r e d  by an EM c o o l i n g  pump t h a t   t r a n s f e r s  
hea t   f rom a c o o l a n t   h e a t   e x c h a n g e r   t o  a  low t e m p e r a t u r e   r a d i a t o r .  The 
c o o l a n t   i n  t h e  s i d e   o f   t h i s   h e a t   e x c h a n g e r   o p p o s i t e   t h e  low t e m p e r a t u r e  
r a d i a t o r   f l o w   l o o p  is t u r b i n e   w o r k i n g   f l u i d   c i r c u l a t e d  by  a t u r b o g e n e r a t o r  
s h a f t  mounted pump. T h i s   t y p e   f l o w   n e t w o r k   p e r m i t s   u s i n g  NaK i n   a l l  
r a d i a t o r   l o o p s   a n d ,   t h u s ,   m i n i m i z e s   t h e   s y s t e m   p r e - s t a r t   f r e e z i n g   p r o b l e m s .  
The u s e  of EM pumps i n   t h e   a u x i l i a r y   s y s t e m   o f   b o t h   t h e   t u r b o e l e c t r i c   a n d  
t h e r m i o n i c   s y s t e m s   a v o i d s   t h e   p o w e r   p l a n t   s t a r t u p   p r o b l e m  of b e a r i n g  
l u b r i c a t i o n   s u p p l y  common t o   r o t a t i n g  pumps. 

The the rmion ic   sys t em  has  two  main c i r c u i t s :  1) pr imary   t he rmion ic  
r e a c t o r   a n o d e   c o o l a n t   l o o p ,   a n d  2) t h e   h e a t   r e j e c t i o n   l o o p ,   w h i c h  is 
s u b d i v i d e d   f o r   r e l i a b i l i t y .   I n   a d d i t i o n ,   t h e r e  is a  low t empera tu re  
coolan t   f low  loop   powered  by an  EM pump t h a t   c i r c u l a t e s  NaK c o o l a n t  
t h rough  t h e  sys tem EM pumps, c o n t r o l s ,  and  power  conditioning  equipment 
and  through a  low t e m p e r a t u r e   r a d i a t o r .  A l l  r a d i a t o r   f l o w   l o o p s   e m p l o y  
NaK c o o l a n t .  

T a b l e   1 2   p r o v i d e s   t h e   i n f o r m a t i o n   n e c e s s a r y   t o   e v a l u a t e   t h e   c o m p o n e n t  
p a r t s  of an o v e r - a l l  pump and pump power   cond i t ion ing   coo l ing   we igh t  
pena l ty .   These   componen t   pa r t s   a r e   t he   coo l ing   pumping   power   we igh t  

c o o l i n g   r a d i a t o r   a n d   a s s o c i a t e d   c o n n e c t i n g   p l u m b i n g   w e i g h t  
t h e   w e i g h t   o f   c o o l i n g  pump and   r e l a t ed   duc t ing   and   power  
equipment .   The  Cool ing - Pumping  Eower  Weight  penalty may be  

p e n a l t y ,   t h e  
p e n a l t y ,   a n d  
c o n d i t i o n i n g  
d e f i n e d   a s :  

CPPW - - Pump and Pump PC Cooling  Power W t .  P e n a l t y  
KW I n p u t   t o  A l l  System EM Pump Power  Suppl ies  

-105- 



TABLE 12.  WEIGHT  FACTORS  FOR  SPACE POWER EM P W S  
(One MW Power P l a n t ) a  

Pump 
Func t ion  b 

T u r b o e l e c t r i c   S y s t e m  

Primary  Coolant  
C i r c u l a t i o n  

Bo i l e r   Feed  

Rad ia to r   Coo lan t  
C i r c u l a t i o n  

Pump Coolant  
C i r c u l a t i o n  

T o t a l s  

Coolant  Pump W t  ., l b  

Thermionic   System 

Pr imary   Coolant  
C i r c u l a t i o n  

Rad ia to r   Coo lan t  
C i r c u l a t i o n  

Pump Coolant  
C i r c u l a t i o n  

T o t a l s  

Coolant  Pump W t . ,  lb 

Pump 
Power 

kwC 
3 u t p u t ,  

6 . 5  

3 . 5  

11 

0.25 

21 

60  

2.6 

11 

0.12  

13 

3 5  

AC Pumps 
Power  Heat To 

E f f  . , I n p u t ,   C o o l a n t ,  
% kwd kWe 

18 36  15 

12  29 13 

16  69  29 

10   2 .5   2 .5  

-- 13 5 60  

18 15 6 . 0  

16  69  29 

10 1.2  1 .2  

" 85  36 

DC Pumps 

Power  Heat  To 
E f f . ,   I n p u t ,   C o o l a n t ,  

% kWd kWe 

20  32 13 

20  18 7.0 

20 55 22 

18 1.4 1.4 
" 106 43  

1 5  

20  13  5 .2  

20  55  22 

18 0.6  28 

69  28 " 

12 

E A 1 1  e s t i m a t e s   i n   t h i s   t a b l e   a r e   b a s e d  on  a 1 MW e l e c t r i c a l   o u t p u t   s p a c e  power p l a n t .  
The   ma in   pumping   func t ions   i n   t he   r e spec t ive   power   p l an t s ,  
Hydraul ic   power  developed by t h e  pump. 

I n c l u d e s   h e a t   l o a d   t o   t h e   c o o l i n g   s y s t e m   f r o m   t h e  pump and i t s  power  supply.  

C 

d Inc ludes   power   supp ly   l o s ses .  e 
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The CPPW p a r a m e t e r   c a n   a l s o   b e   e x p r e s s e d  as: 

Power   Inpu t   t o   Sys t em  Coo l ing  Pumps . 
T o t a l   P o w e r   I n p u t   t o   a l l   S y s t e m  Pump Power   Suppl ies  

x Power W t .  P e n a l t y  

From t h e   d a t a   i n   T a b l e  12, t h e   f o l l o w i n g   n u m b e r s  may b e   o b t a i n e d :  

F o r   a c  pump a p p l i c a t i o n   t o   t u r b o e l e c t r i c   s y s t e m ,  

CPPW = - 2.5 x 10 = 0.18 lb/kw 
136 

For   dc  pump a p p l i c a t i o n   t o   t u r b o e l e c t r i c   s y s t e m ,  

CPPW = - x 10 = 0.13 lb/kw 106 

For  ac pumps i n   t h e r m i o n i c   s y s t e m ,  

CPPW = - 1'20 x 9 = 0.13  lb/kw 85  

For   dc  pumps i n   t h e r m i o n i c   s y s t e m ,  

CPPW = - x 9 = 0.08  lb/kw 69 

From space  power s y s t e m  d e s i g n   s t u d i e s ,   s u c h   a s   t h o s e   r e p o r t e d   i n  
r e f e r e n c e  100, t h e   w e i g h t   o f  a h e a t   r e j e c t i o n   r a d i a t o r   s t r u c t u r e   d e s i g n e d  
f o r   o p e r a t i o n   i n   t h e   t e m p e r a t u r e   r a n g e  of 600 OF t o  800 OF can   be  
e s t i m a t e d   a t  2 lbs/kw loss h e a t .  To a r r i v e   a t  a pump and pump power 
supp ly   coo l ing   we igh t   pena l ty   wh ich  i s  r e f e r r e d   t o   t h e  power i n p u t   t o  
t h e  pump p o w e r   s u p p l y ,   t h e   f a c t   t h a t   n o t  a l l  t h e  pump and pump power  supply 
l o s s e s   a r e   t r a n s f e r r e d   t o   t h e  low t e m p e r a t u r e   r a d i a t o r   c o o l a n t   m u s t   b e  
cons ide red .   The  pump l o s s e s   d e l i v e r e d   t o   t h i s   c o o l a n t  as h e a t  are i n d i c a t e d  
for each  pump a p p l i c a t i o n   d e f i n e d   i n   T a b l e  12 .  

C o o l i n g   R a d i a t o r  W t .  P e n a l t y  - 2 lbs/kw x Loss D e l i v e r e d   t o   C o o l a n t  
KW p o w e r   I n p u t   t o  Pumps T o t a l  Power  Input  t o  Pump Power  Supply 

- 
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For  the  four  cases  under  consideration,  this  weight  penalty  is (from 
Table 12) as follows: 

For ac pumps  in  turboelectric  systems, 

2.0 X - = 0.9 lb/kw 59 4 
136 

For dc  pumps  in  turboelectric  systems, 

2.0 x - = 0 . 8  lb/kw 43 4 
106 

For  ac  pumps  in  thermionic  systems, 

2.0 X - = 0.85 lb/kw 36 2 
85 

FL  dc  pumps  in  thermionic  systems, 

The quantity:  Cooling  Pump  Weight  Penalty/Total Power Input to System 
Pumps  for  the  four  cases  of  interest  from  the  data in Table  12 are 

For ac pumps  in  turboelectric  system, 

60 
136 - 
" 0.44 lb/kw 

For  dc  pumps  in  turboelectric  system, 

" 
15 
106 

- 0.14 lb/kw 

For ac pumps  in  thermionic  system, 

- 35 = 0.41 lb/kw 
85 
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69 - l2 0.17  lb/kw 

By combin ing   t he   t h ree   componen t s   o f   t he  pump c o o l i n g   w e i g h t   p e n a l t y ,  
a t o t a l  pump c o o l i n g   w e i g h t   p e n a l t y   c a n   b e   o b t a i n e d   f o r   e a c h   o f   t h e   f o u r  
cases of i n t e r e s t :  

T o t a l  Pump and Pump P o w e r   S u p p l y   C o o l i n g   W e i g h t   P e n a l 2  
T o t a l   P o w e r   I n p u t  t o  System Pump Power S u p p l i e s  

F o r   a l t e r n a t i n g   c u r r e n t  pumps i n   t u r b o e l e c t r i c   s y s t e m ,  

0.18 
0 . 9 0  
0 . 4 4  
1 . 5 2  a 1 . 5  lbs/kw 
- 

S i m i l a r l y :  

F o r   d i r e c t   c u r r e n t  pumps i n   t u r b o e l e c t r i c   s y s t e m  =I 1.1 lbs/kw 

F o r   a l t e r n a t i n g   c u r r e n t  pumps i n   t h e r m i o n i c   s y s t e m  =1.4 lbs/kw 

N 

N 

For d i r e c t   c u r r e n t  pumps i n   t h e r m i o n i c   s y s t e m  - - 1.1 lbs/kw I _  

S i n c e ,   o b v i o u s l y ,   t h e   c o o l i n g   w e i g h t   p e n a l t y  i s  a small f r a c t i o n   o f   t h e  
pump t o t a l  e q u i v a l e n t   w e i g h t ,  i t  i s  r e a s o n a b l e  t o  assume a b l a n k e t   w e i g h t  
p e n a l t y  of 1 . 5  lbs/kw pump and a pump p o w e r   c o n d i t i o n i n g   c o o l i n g   w e i g h t  
p e n a l t y   f o r  a l l  t y p e s   o f  EM pumps i n   e i t h e r   t u r b o e l e c t r i c  or t h e r m i o n i c  
power   sys tems.  

F .  Summary of W e i g h t s   a n d   P e n a l t i e s  

T o   s u m m a r i z e   t h e   r e s u l t s   o f   t h e   p r e c e d i n g   a n a l y s e s ,   t h e   w e i g h t s   a n d  
p e n a l t i e s  t o  b e   u s e d   i n   t h e   f i n a l   s e l e c t i o n   o f  pumps are p r e s e n t e d   i n  
Tab le  13. I n  t h e   c o n c l u d i n g   f o r m   p r e s e n t e d   h e r e ,  a l l  w e i g h t   i t e m s ,   e x c e p t  
t h e   p o w e r   f a c t o r   p e n a l t y ,  are e v a l u a t e d   i n   p o u n d s   p e r   k i l o w a t t   p o w e r  
i n p u t  t o  t h e  pump power  supply.   The  summation  re : Iders  a s imple   two-par t  
t o t a l  t h a t   p e r m i t s   e a s y   c o m p u t a t i o n   o f   t h e   w e i g h t  c r i t e r i a  f o r  pump 
s e l e c t i o n   w h i c h   a p p e a r   i n   S e c t i o n  V .  Note t h a t   t h e   w e i g h t   p e n a l t y   v a r i e s  
n o t   o n l y   w i t h   t h e   t y p e   p o w e r   p l a n t   b u t  a l s o  w i t h   t h e   f o r m   o f   p o w e r   i n p u t .  
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TABLE 13 .  WEIGHTS AND PENALTIES FOR EM PUMPS 
I N  SPACE  POWER  PLANTS 

W e i g h t s   a n d   P e n a l t i e s  

Weight Item 

T u r b o e l e c t r i c   S y s t e m  Thermionic   System 

AC Pump DC Pump AC Pump DC Pump 

Power  Input,   lb/kw 10  10 9 9 

Power  Supply,  lb/kw 
E f f i c i e n c y ,  % 

Cool ing ,  Pump and 
Power  Supply,  lb/kw 

1 1 1.6 1.5 
90 80 67 80 

1.5  1.5 1.5 1.5 

P o w e r   F a c t o r ,   l b / k v a r  0.75 "- 0.5 -" 

T o t a l  W t .  P e n a l t i e s  
Power  and  Cooling,  Ib/kwa 12.5  12.5 12.1 12 
Power   Fac tor ,   lb /kvarb  0.75 "" 0.50 "_ 

a 
bTo b e   a p p l i e d   t o   t h e  p o w e r   i n p u t   t o   t h e  pump power  supply.  

To   be   app l i ed  t o  t h e   r e a c t i v e  power of t h e  pump o n l y .  
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V. PUMP SELECTION AND DESIGN 

A.  Des ign   Gu ides   and   Res t r a in t s  

EM pump d e s i g n   f o r   t h i s   p r o g r a m   c o m p r i s e d  a broad   s tudy   of  a v a r i e t y  
o f  pump t y p e s   f o r   d i v e r s e   c o m b i n a t i o n s   o f  pumped f l u i d s ,   f l o w s ,   d e v e l o p e d  
p r e s s u r e s ,   a n d   t e m p e r a t u r e s .   D e t a i l e d   m e c h a n i c a l   d e s i g n s ,   r e q u i r i n g  
c o m p l e t e   l a y o u t s ,  stress a n a l y s i s ,   t e m p e r a t u r e   d i s t r i b u t i o n   a n a l y s i s ,  
m e t a l   j o i n i n g   p r o c e d u r e s ,  etc. ,  have   no t   been  made f o r   a n y   o f   t h e   r a t i n g s .  
To m a i n t a i n   r e a s o n a b l e   c o n s i s t e n c y   b e t w e e n   d e s i g n s ,   p r e f e r r e d   r a n g e s   a n d  
limits f o r   c e r t a i n   s e n s i t i v e   q u a n t i t i e s   h a v e   b e e n   e s t a b l i s h e d   a n d   o b s e r v e d .  
T h e s e   q u a n t i t i e s   a n d  a r a t i o n a l e   f o r   t h e i r  

1. F l u i d   V e l o c i t i e s  

I n c r e a s i n g   t h e   v e l o c i t y   o f   t h e   f l u i d   i n  
r e d u c e   t h e   s i z e   a n d   w e i g h t   o f   a n  EM pump. 

c h o i c e   a r e   d i s c u s s e d   h e r e .  

t h e  pumping s e c t i o n   t e n d s   t o  
E r o s i o n ,   h y d r a u l i c  loss,  o r  

c a v i t a t i o n   c o n s i d e r a t i o n s  may limit t h e  maximum v e l o c i t y .   W i t h   t h e   f i u i d s  
a n d   t h e   c o n t a i n m e n t   m a t e r i a l s   c o n s i d e r e d   i n   t h i s   s t u d y ,   e r o s i o n   s h o u l d   n o t  
i m p o s e   a n y   p r a c t i c a l   l i m i t a t i o n s .   W i t h i n   t h e   v e l o c i t y  limits fo r   wh ich  
h y d r a u l i c  loss i s  accep tab le ,   f rom a pump e f f i c i e n c y   s t a n d p o i n t ,   t h e  pump 
s u c t i o n   p r e s s u r e s   s p e c i f i e d  w i l l  p r o v i d e   s u f f i c i e n t   s t a t i c   p r e s s u r e   a t   t h e  
e n t r a n c e   t o   t h e  pumping s e c t i o n   t o   p r e v e n t   c a v i t a t i o n   f o r   a l l   c a s e s ,   e x c e p t  
t h e   c o n d e n s a t e   b o o s t  pump a t  a r a t e d  NPSH of 10 f t  and  lower.  For t h i s  
a p p l i c a t i o n ,   t h e   f l u i d   v e l o c i t y   m u s t   b e   l i m i t e d   a t   t h e  pump s u c t i o n   t o  
m a i n t a i n  a s t a t i c   p r e s s u r e   w h i c h   e x c e e d s   t h e   v a p o r   p r e s s u r e .   T h i s   c a n   b e  
a c c o m p l i s h e d ,   a t   t h e   c o s t   o f   a d d i t i o n a l   w e i g h t ,  by u s i n g  low f l u i d   v e l o c -  
i t i e s  t h r o u g h o u t   t h e  pump. The e f f e c t   o f   u s i n g  low f l u i d   v e l o c i t y  i s  
shown i n   S e c t i o n  V.B. A l t e r n a t i v e l y ,   f l o w   p a s s a g e s   o f   v a r y i n g   c r o s s  
s e c t i o n  may be  employed t o  l i m i t  t h e   f l u i d   v e l o c i t y   a t   t h e  pump e n t r a n c e  
t o   p r e v e n t   c a v i t a t i o n  t h e n  i n c r e a s e  i t  t o   t h e   d e s i r e d  pumping v e l o c i t y  
a s   t h e   f l u i d  moves i n t o   t h e  pumping s e c t i o n   a n d   t h e   s t a t i c   p r e s s u r e  i s  
i n c r e a s e d .   T h e   d e s i g n   o f   d u c t   p a s s a g e s   o f   v a r y i n g   c r o s s   s e c t i o n   a p p e a r s  
f e a s i b l e ,   b u t   t h e   d e t a i l s   h a v e   n o t   b e e n   d e v e l o p e d .  

The pump c h a r a c t e r i s t i c s   p r e s e n t e d   i n   t h i s   r e p o r t   a r e   b a s e d   o n   d u c t  
v e l o c i t i e s   s e l e c t e d   p r i m a r i l y  on t h e   b a s i s   o f  a weight -e f f ic iency   compromise .  
L u c t   f l u i d   v e l o c i t i e s   a r e  20 t o  30 f t / s e c  i n  t h e  h e l i c a l  pump d e s i g n s ,  30 t o  40 
f t / s e c   i n   t h e   a n n u l a r   a n d   f l a t  pump des igns ,   and  20 t o  40 f t / s ec  i n   t h e   d c  
pump d e s i g n s .   T h e s e   a r e   a p p r o x i m a t e l y   t h e  same v e l o c i t i e s   u s e d   i n   p r e s e n t l y  
o p e r a t i v e  pumps and  somewhat less t h a n   t h e   f l u i d   v e l o c i t i e s   i n   t h e  EM pumps 
u s e d   i n   t h e  USS Seawolf   and   the   Exper imenta l   Breeder   Reac tor  I1 secondary  
loop .  
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2. Duct   Wall   Thickness  

The   cho ice   o f   duc t  wall t h i c k n e s s  was a compromise   be tween  e f f ic iency  
a n d   r e l i a b i l i t y .   D u c t s  may b e   e i t h e r   c o n d u c t i n g   ( m e t a l l i c )  or non- 
c o n d u c t i n g   ( n o n m e t a l l i c ,   e . g .  , ce ramic ) .   Nonconduc t ing   duc t   wa l l s   o f  
minimum t h i c k n e s s   m i n i m i z e  pump l o s s e s .   U s i n g   c e r a m i c  materials f o r  
d u c t   w a l l s ,   h o w e v e r ,   a d d s   e x t r e m e l y   d i f f i c u l t   p r o b l e m s   a n d   c e r t a i n t y  
o f  a s i g n i f i c a n t l y   l o w e r   r e l i a b i l i t y   t h a n  i s  r e a l i z a b l e   w i t h  a m e t a l l i c  
d u c t   c o n s t r u c t e d   o f   t h e   m a t e r i a l   u s e d   i n   t h e   r e m a i n d e r   o f   t h e   s y s t e m .  
T h e   l o s s e s   a s s o c i a t e d   w i t h   c o n d u c t i n g   d u c t   w a l l s   o f   p r a c t i c a l   t h i c k n e s s  
i n  EM pumps a r e   a p p r o x i m a t e l y   1 0 %   o f   t h e   p o w e r   i n p u t .  A l l  t h e  pump 
d e s i g n s   r e p o r t e d ,   t h e r e f o r e ,   u s e   c o n d u c t i n g   d u c t   w a l l s   c o n s t r u c t e d   o f   t h e  
m a t e r i a l   s e l e c t e d   f o r   t h e   s y s t e m   i n v o l v e d .   T h i s   a v o i d s   b i m e t a l l i c   j o i n t s  
and stresses caused  by d i f f e r e n t   c o e f f i c i e n t s   o f   e x p a n s i o n   o f   t h e   m a t e r i a l s  
a n d   t h u s   c o n t r i b u t e s   t o   s i m p l i c i t y   a n d   r e l i a b i l i t y .  

Pump s i z e s   a n d   p r e s s u r e s   a r e   s u c h   t h a t   m e t a l l u r g i c a l   a n d   f a b r i c a t i o n  
c o n s i d e r a t i o n s ,   r a t h e r   t h a n  stress c o n s i d e r a t i o n s ,  w i l l  de t e rmine  minimum 
d u c t   w a l l   t h i c k n e s s   i n  most o f   t h e  pump r a t i n g s .   S i n c e   d u c t   l o s s e s   a r e  
a p p r o x i m a t e l y   p r o p o r t i o n a l   t o   d u c t   w a l l   t h i c k n e s s   i n   a l l  EM pumps 
c o n s i d e r e d ,  maximum  pump e f f i c i e n c y  i s  a s s o c i a t e d   w i t h  minimum d u c t   w a l l  
t h i c k n e s s .   E l e c t r o m a g n e t i c  pump d e s i g n s   w h i c h   a r e   u l t i m a t e l y   p r o v e d   f o r  
u s e   i n   s p a c e  power p l a n t s  w i l l  d o u b t l e s s   h a v e   d u c t   w a l l   t h i c k n e s s e s   t h a t  
v a r y   w i t h   p a r a m e t e r s ,   s u c h   a s  pump t y p e ,   d u c t   m a t e r i a l ,  pump s i z e ,   a n d  
f l u i d   p r e s s u r e .  For t h i s   s t u d y ,   h o w e v e r ,  a d u c t   w a l l   t h i c k n e s s   o f  0.025 
i n .   h a s   b e e n   u s e d   a r b i t r a r i l y   i n   a l l   t h e  pump d e s i g n s   r e p o r t e d .  

3 .  H e a t   T r a n s f e r  

I n   e l e c t r o m a g n e t i c   d e v i c e s ,   w i n d i n g   t e m p e r a t u r e  i s  u s u a l l y  a major 
d e s i g n   l i m i t a t i o n .  I t s  a c c u r a t e   p r e d i c t i o n  i s  a l s o   o n e   o f   t h e  more 
d i f f i c u l t   d e s i g n   t a s k s ,   p a r t i c u l a r l y  when des ign   p ropor t ions ,   boundary  
c o n d i t i o n s ,   a n d   t h e r m a l   c i r c u i t   m a t e r i a l s   d i f f e r   c o n s i d e r a b l y   f r o m   d e s i g n s  
which   have   been   thoroughly  tes ted.  I n   t h e   a p p l i c a t i o n   o f  EM pumps i n  
space ,   t he   t he rma l   des ign   p rob lem i s  compounded  by t h e   h a r d  vacuum env i ron -  
ment  which, i f  p e r m i t t e d  t O  a p p l y   i n   t h e   r e g i o n   o c c u p i e d  by t h e  pump 
w i n d i n g s ,   s e v e r e l y   a f f e c t s   t h e   t r a n s f e r   o f   t h e  12R l o s s   i n   t h e   w i n d i n g s  
t o   t h e   h e a t   s i n k .   T h e  vacuum a l s o  limits t h e   c h o i c e   o f   i n s u l a t i n g   m a t e r i a l s  
t o   t h o s e   w h i c h  w i l l  m a i n t a i n   p h y s i c a l   a n d   d i e l e c t r i c   i n t e g r i t y   a f t e r  
p r o l o n g e d   o u t g a s s i n g   a t   o p e r a t i n g   t e m p e r a t u r e   i n  vacuum. 

I n  a b r o a d   s t u d y   s u c h   a s   t h i s ,  a c o m p r e h e n s i v e   i n v e s t i g a t i o n   o f   t h e  
h e a t   t r a n s f e r   i n   e a c h  pump d e s i g n   c o n s i d e r e d  i s  n o t   p o s s i b l e .   A c c o r d i n g l y ,  
e s t a b l i s h i n g  a g e n e r a l   a p p r o a c h   t o   h e a t   t r a n s f e r ,   w h i c h  w i l l  l e a d   t o  
r e a s o n a b l e ,   b u t   r e l a t i v e l y   s i m p l e ,   c r i t e r i a   f o r   t h e r m a l   d e s i g n   o f   a l l   t h e  
EM pump wind ings ,  i s  n e c e s s a r y .   W i t h   t h i s   b a c k g r o u n d ,   t h e   f o l l o w i n g  
a p p r o a c h   t o   h e a t   t r a n s f e r  was adop ted :  
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1 )  I t  i s  assumed t h a t   t h e   w i n d i n g s   o p e r a t e  a t  an   ave rage  
t e m p e r a t u r e   o f  750 OF a n d   t h a t   t h e  pump c o o l a n t  i s  
s u p p l i e d  a t  600 OF, t h e   b e a r i n g   a n d   g e n e r a t o r   c o o l a n t  
t e m p e r a t u r e   i n   t h e   s y s t e m s  shown i n   F i g u r e s  74 and 75. 

2) T h e   w i n d i n g   c a v i t y  i s  c o m p l e t e l y   s e a l e d  by a s u i t a b l e  
metallic mater ia l ,  e . g . ,  s t a i n l e s s  steel .  T h i s   r e g i o n  
i s  c h a r g e d   w i t h  gas ,  p r o b a b l y   n i t r o g e n ,  a t  approx ima te ly  
o n e   a t m o s p h e r e   p r e s s u r e  a t  o p e r a t i n g   t e m p e r a t u r e .   T o  
m i n i m i z e   t h e   h e a t   f l o w   f r - m   t h e   d u c t  t o  t h e  pump 
m a g n e t i c   s t r u c t u r e ,   t h e  pump d u c t  i s  exc luded   f rom  the  
e n c l o s e d   r e g i o n .  

3) E i t h e r   t h e   m a g n e t i c   s t r u c t u r e   o f   t h e  pump or t h e   e x t e r i o r  
s u r f a c e   o f   t h e   s e a l e d   e n v e l o p e  w i l l  b e   conduc t ion   coo led  
by t h e   l i q u i d  metal c o o l a n t .  

T h i s   a p p r o a c h   a p p e a r s   r e a s o n a b l e ,   c o n s i d e r i n g   t h e   c u r r e n t  s t a t e  o f   t h e  
a r t ,  and   can   be   modi f ied  or changed t o  i n c o r p o r a t e   a d v a n c e s   i n   r e l a t e d  a r t s  
a s  they   occu r .   The   approach ,   however ,   does   have   ce r t a in   d i sadvan tages :  

1 )   T h e   n e c e s s i t y   o f   m a i n t a i n i n g  a s e a l e d   e n v e l o p e   f o r  
c o n t a i n i n g   t h e   w i n d i n g s   i n t r o d u c e s   a n   a d d i t i o n a l  
f a i l u r e  m o d e .   T h e   r e s u l t a n t   i m p r o v e m e n t   i n   i n s u l a t i o n  
s y s t e m   r e l i a b i l i t y   a n d   t h e   i m p r o v e d  pump per formance  
p e r m i t t e d  by t h e   f a v o r a b l e   h e a t   t r a n s f e r   r e a l i z e d ,  
however ,  i s  b e l i e v e d  t o  more t h a n   c o m p e n s a t e   f o r   t h i s  
tendency  t o  r e d u c e   r e l i a b i l i t y .  

2 )  I n   i n d u c t i o n   p u m p s ,   t h e   p o r t i o n   o f   t h e  metal l ic  
e n v e l o p e   i n   t h e   m a g n e t i c   f i e l d   e x p e r i e n c e s   e d d y   c u r r e n t  
l o s s ,  which i s  p r o p o r t i o n a l  t o  t h e  w a l l  t h i c k n e s s   a n d  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  of t h e   e n v e l o p e .   S i n c e   t h e  
e n v e l o p e   h a s   n o   p h y s i c a l   c o n n e c t i o n  t o  t h e   l i q u i d  metal 
s y s t e m ,  i t  may b e   f a b r i c a t e d   f r o m  a mater ia l  having  
r e l a t i v e l y  l o w  e l e c t r i c a l  c o n d u c t i v i t y .   T h e   h e l i c a l ,  
a n n u l a r ,   a n d   f l a t  pump p e r f o r m a n c e   d a t a   r e p o r t e d  are based  
o n   a n   e n v e l o p e   f a b r i c a t e d   f r o m   a u s t e n i t i c   s t a i n l e s s  s teel  
w i t h  a w a l l  t h i c k n e s s   o f  0.015 i n .  

W i n d i n g   t e m p e r a t u r e   d i s t r i b u t i o n   c a l c u l a t i o n s  were made f o r  a l l  t h e  
f i n a l   d e s i g n s   r e p o r t e d   i n   S e c t i o n  V . B  a n d   t h e  maximum and  average   t empera ture  
rises a b o v e   t h e   c o o l a n t   t e m p e r a t u r e  are i n d i c a t e d .   T h e s e   c a l c u l a t i o n s  were 
b a s e d   o n   s t a n d a r d   h e a t  f low c a l c u l a t i o n a l   p r o c e d u r e s ,   u s i n g   c o m p u t e r   p r o g r a m s .  
P e r t i n e n t   t h e r m a l   r e s i s t i v i t i e s  are c i t e d   i n   S e c t i o n  1II.D. 
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4 .  C u r r e n t   D e n s i t i e s  

N o  r e s t r i c t j o n s   h a v e   b e e n   p l a c e d   o n   c u r r e n t   d e n s i t i e s   i n   t h e   f l u i d s ,  
t h e   d u c t  w a l l s ,  a n d   t h e  s ta tor  e n v e l o p e .   T h e s e   c u r r e n t   d e n s i t i e s  are 
de te rmined   by   t he  pump w e i g h t   a n d   e f f i c i e n c y   d e s i g n   o p t i m i z a t i o n   p r o c e d u r e .  
Pump c h a r a c t e r i s t i c s ,   p a r t i c u l a r l y   e f f i c i e n c y ,   w e i g h t ,   a n d   w i n d i n g   t e m p e r -  
a t u r e ,  are q u i t e   d e p e n d e n t   u p o n   t h e   c u r r e n t   d e n s i t y   i n   t h e  pump w i n d i n g s .  
T r i a l   d e s i g n s   a n d   e x p e r i e n c e   s u g g e s t e d   t h a t ,   f o r   i n d u c t i o n   p u m p s ,   w i n d i n g  
c u r r e n t   d e n s i t i e s   w o u l d   b e   l i m i t e d  b y   a l l o w a b l e   w i n d i n g   t e m p e r a t u r e s .   F o r  
h e l i c a l   a n d   f l a t   i n d u c t i o n   p u m p s ,   c u r r e n t   d e n s i t i e s   o f   a p p r o x i m a t e l y  3300 
amp/in.2 were u s e d ;   f o r   a n n u l a r   p u m p s ,   c u r r e n t   d e n s i t i e s   o f   a p p r o x i m a t e l y  
3600 amp/in.2 were u s e d .   T h e   h i g h e r   v a l u e s   u s e d   i n   a n n u l a r  pumps r e f l e c t  
s l i g h t l y   b e t t e r   h e a t   t r a n s f e r   f r o m   t h e  pump w i n d i n g s   b e c a u s e   o f   t h e   s h o r t e r  
l e n g t h s   o f  c o i l s  e x t e r n a l  t o  t h e  slots i n   t h e   m a g n e t i c  s tee l .  In   dc   pumps ,  
t h e   c h o i c e   o f   w i n d i n g   c u r r e n t   d e n s i t y  i s  based  on a w e i g h t - e f f i c i e n c y  
compromise. T r i a l   c a l c u l a t i o n s   i n d i c a t e d   a n  optimum i n   t h e  4000 t o  5000 
amp/in .2 r a n g e ,   a n d ,   t h e r e f o r e ,  a c u r r e n t   d e n s i t y   o f   4 5 0 0   a m p / i n . 2  was 
u s e d   i n  a l l  d c  pump d e s i g n s   r e p o r t e d .  

5 .  F l u x   D e n s i t i e s  

I n   e l e c t r o m a g n e t i c   d e v i c e s ,   t h e   c h o i c e   o f   f l u x   d e n s i t y  i s  u s u a l l y   b a s e d  
on a c o m p r o m i s e   b e t w e e n   w e i g h t   a n d   p e r f o r m a n c e .   U s i n g   h i g h e r   f l u x   d e n s i t i e s  
p e r m i t s  lower w e i g h t  a t  t h e  cost  of  a tendency  t o  r e d u c e   e f f i c i e n c y   a n d  
i n c r e a s e   w i n d i n g   t e m p e r a t u r e s .   T h e   n o n l i n e a r i t y   o f   t h e   m a g n e t i z a t i o n  
c h a r a c t e r i s t i c s   o f  most f e r r o m a g n e t i c  materials i s  s u c h   t h a t   s a t u r a t i o n  
p l a c e s  a f a i r l y  w e l l  d e f i n e d   u p p e r  limit on t h e   v a l u e   o f   t h e   f l u x   d e n s i t y  
which i s  p r a c t i c a l  t o  u s e .   I n   c e r t a i n  pumps u s i n g   d i s t r i b u t e d   w i n d i n g s ,  
s u c h   a s   h e l i c a l   a n d   f l a t   i n d u c t i o n   p u m p s ,   w i n d i n g   e n d   t u r n   c o n s i d e r a t i o n s ,  
r a t h e r   t h a n   s a t u r a t i o n   c o n s i d e r a t i o n s ,   o f t e n  limit magne t i c   t oo th   and  s l o t  
p r o p o r t i o n s .   P r e c i s e   d e t e r m i n a t i o n   o f   t h e   o p t i m u m   r e q u i r e s   d e t a i l e d  
l a y o u t   a n d   s t u d y  of e a c h  pump t y p e  a t  e a c h   r a t i n g .   I n   t h e   i n d u c t i o n  pump 
d e s i g n s   r e p o r t e d ,   p e a k   f l u x   d e n s i t i e s   o f  90 t o   1 0 0   k i l o l i n e s / i n . 2   a n d  a 
t o o t h   w i d t h   t o  s l o t  w i d t h   r a t i o   o f   a p p r o x i m a t e l y   0 . 5  were u s e d .   I n   t h e  
d c   p u m p s ,   p e a k   f l u x   d e n s i t i e s   o f   1 2 0   k i l o l i n e s . / i n . 2  were u s e d .  

6 .  I n s u l a t i o n   A l l o w a n c e s  

I n s u l a t j o n   a l l o w a n c e s  a r e  s e l e c t e d   a s  a c o m p r o m i s e   b e t w e e n   d i e l e c t r i c  
s t r e n g t h   a n d  pump weight .   The  improvement   in  pump we igh t ,   wh ich  may be 
made  by r e d u c t i o n   i n   i n s u l a t i o n   a l l o w a n c e s ,  i s  p r o p o r t i o n a l  t o  t h e   r a t i o  
of   the  volume of i n s u l a t i o n   a s s o c i a t e d   w i t h  a c o n d u c t o r   t o   t h e   v o l u m e   o f  
t h e   c o n d u c t o r   i t s e l f .   D i r e c t   c u r r e n t  pump w i n d i n g s   o p e r a t e  a t  v o l t a g e s  
i n   t h e   o r d e r  of o n e   v o l t ,   a n d   e a c h   c o n d u c t o r   n o r m a l l y   h a s  a cross s e c t i o n  
i n   t h e   o r d e r  of o n e   i n .  . I n s u l a t i o n   a l l o w a n c e s  are very  low,   and pump 
weight  i s  n o t   s e n s i t i v e  t o  p r o p o r t i o n a l l y   l a r g e   c h a n g e s   i n   i n s u l a t i o n  
a l l o w a n c e s .   C o n s e q u e n t l y ,   i n s u l a t i o n   a l l o w a n c e s ,  as s u c h ,  are i n c l u d e d  
i n   t h e   g e n e r a l   r e q u i r e m e n t   t h a t   t h e  area i n   t h e   d c   m a g n e t   t h r o u g h   w h i c h  
t h e  series w i n d i n g s   p a s s   b e  twice t h e  maximum to ta l  c r o s s - s e c t i o n a l  area 
O f  t h e   c o n d u c t o r   p a s s i n g   t h r o u g h   t h e  area (also known as t h e  window a r e a ) .  

2 
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S y s t e m   c o n s i d e r a t i o n s   l e a d  t o  t h e   d e s i g n  of ac i n d u c t i o n  pumps f o r  
v o l t a g e s   o f   a p p r o x i m a t e l y  100 v o l t s .  Pump c u r r e n t  is  r e l a t i v e l y  l o w ,  
L h e r e f o r e ,   a n d   i n s u l a t i o n   v o l u m e  i s  a s u b s t a n t i a l   f r a c t i o n  of c o n d u c t o r  
volume.  Based on a n   a p p r a i s a l  of a v a i l a b l e   i n s u l a t i n g   m a t e r i a l s ,  
a n t i c i p a t e d   e n v i r o n m e n t a l   c o n d i t i o n s ,   a n d   e x p e r i e n c e ,   i n s u l a t i o n  
a l lowances   o f  0.005 i n .   b e t w e e n   s t r a n d s   a n d   0 . 0 2 7 5   i n .   f r o m   c o n d u c t o r  
t o  s l o t  walls were chosen  f o r  a l l  i n d u c t i o n  pumps r e p o r t e d .   T h e s e  
a l lowances  are c o n s i s t e n t  w i t h  t h e   d i e l e c t r i c   s t r e n g t h   o f   n i t r o g e n ,  
proposed  f o r  t h e  s t a to r  w i n d i n g   c a v i t y   i n   S e c t i o n  1 I I . D .  

7 .  Frequency 

T h e   g e n e r a l   s t u d y  of EM pumps r e p o r t e d   i n   S e c t i o n   1 I I . B   i n d i c a t e s  
t h e   d e s i r a b i l i t y   o f  low f r e q u e n c y  as a s o u r c e   o f   p o w e r   f o r  EM pumps. 
A c c o r d i n g l y ,   s i n c e   f r e q u e n c y   r e d u c t i o n  i s  r e q u i r e d ,   t h e   d e s i g n s  are 
based   on  a f r e e   c h o i c e  for f r e q u e n c y .   I n   p r a c t i c e ,  t r i a l  d e s i g n s  w e r e  
made f o r  most r a t i n g s  a t  50,  1'30, 200 a n d   4 0 0   c p s   a n d   f i n a l   s e l e c t i o n s  
were made f r o m   t h i s   g r o u p .  

B .  C h a r a c t e r i s t i c s   o f   S e l e c t e d  EM Pumps 

T a b l e  2 l i s t s  t h e  pump a p p l i c a t i o n s  t o  b e   s t u d i e d   i n   t h i s   p r o g r a m   a n d  
t h e   r a n g e s   f o r   t h e   v a r i o u s   p a r a m e t e r s .  A series o f   s e p a r a t e  pump d e s i g n s  
were made f o r   e a c h   a p p l i c a t i o n   w i t h   p a r a m e t e r s   c h o s e n   s y s t e m a t i c a l l y   f r o m  
t h e   s t u d y   r a n g e s   s p e c i f i e d .   T h e   s p e c i f i c   p a r a m e t e r s   f o r   w h i c h   s e p a r a t e  
d e s i g n s  were made f o r  a l l  a p p l i c a t i o n s  are  shown i n   T a b l e   1 4 .   D e s i g n s  
were made f o r   s e v e n   p r e s s u r e - f l o w - t e m p e r a t u r e   c o m b i n a t i o n s   f o r   e a c h   a p p l i -  
c a t i o n .   T o   i l l u s t r a t e   t h e   e f f e c t   o f   v e r y  l o w  s u c t i o n   p r e s s u r e   o n  pump 
w e i g h t   a n d   p e r f o r m a n c e   a d d i t i o n a l   d e s i g n s  were made f o r  t h e   c o n d e n s a t e  
b o o s t   a p p l i c a t i o n .   D e s i g n   a n d   p e r f o r m a n c e   c a l c u l a t i o n s  are r e p o r t e d   f o r  
a t  l e a s t  o n e   p o l y p h a s e   i n d u c t i o n  pump t y p e   f o r   t h e   s e v e n   r a t i n g s   i n d i c a t e d .  
S i m i l a r   c a l c u l a t i o n s  a re  r e p o r t e d   f o r   d c   c o n d u c t i o n  pumps f o r   t h e   f i r s t  
f i v e   r a t i n g s .  

Pr imary   emphas is  was o n   t h e   d e s i g n   p o i n t   r a t i n g ,   i . e . ,   t h e   r a t i n g  a t  
which a l l  p a r a m e t e r s   h a v e   d e s i g n   p o i n t   v a l u e s .   D e s i g n   c a l c u l a t i o n s   f o r  
t h e   d e s i g n   p o i n t  were made f o r   a t  least  t h r e e   f r e q u e n c i e s   b e t w e e n  50 c p s  
a n d   4 0 0   c p s   f o r   t h e   i n d u c t i o n  pump t y p e   s e l e c t e d .  A t  e a c h   f r e q u e n c y ,   a n  
optimum c o n f i g u r a t j o n  w a s  d e r i v e d   b y   v a r y i n g   t h e   d e s i g n   p a r a m e t e r s   s y s t e m -  
a t i c a l l y  t o  d e t e r m i n e   t h e   c o m b i n a t i o n   f o r   w h i c h  pump w e i g h t   p l u s   t e n  times 
t h e   p o w e r   i n p u t   i n   k i l o w a t t s  w a s  minimum. Thus ,  a f i r s t   o p t i m i z a t i o n  w a s  
o b t a i n e d   b a s e d   o n   t h e   f a c t   t h a t  pump w e i g h t   a n d   p o w e r   p e n a l t y   c o n s t i t u t e  
t h e  major p a r t   o f   t h e   w e i g h t   c r i t e r i o n   o f   a n  EM pump.   Only  those  config-  
u r a t i o n s   w i t h   p r o p o r t i o n s  deemed  reasonable  f o r  c o n s t r u c t i o n  were c o n s i d e r e d .  
Optimum d e s i g n s   f o r   d c   c o n d u c t i o n  pumps were d e r i v e d   s i m i l a r l y .   O p t i m i z a t i o n  
o f   t h e   o t h e r   r a t i n g s   i n   t h e   s t u d y   r a n g e  w a s  conduc ted  i n  a similar manner 
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TABLE 14.  PUMP DESIGN  PARAMETER  COMBINATIONS 

b u t   f e w e r   f r e q u e n c i e s  were c o n s i d e r e d   a n d   t h e   p r o c e s s  was n o t   c a r r i e d  
a s   f a r   a s  for t h e   d e s i g n   p o i n t   r a t i n g s .   C o m p u t a t i o n s  were made on 
approx ima te ly  1000 d e s i g n s .  Of t h e s e ,  89 are r e p o r t e d   i n   t h e   f o l l o w i n g  
d i s c u s s i o n .   V a r i o u s   p h y s i c a l   p r o p e r t i e s   o f   t h e   l i q u i d  metals and   the  
d u c t  materials were t a k e n   f r o m   t h e   c u r v e s   i n   S e c t i o n  1 I I . D .  O the r  
d e s i g n   p a r a m e t e r s  were b a s e d   o n   t h e   d e s i g n   g u i d e s   i n   S e c t i o n  V.A. 

1. Condensa te   Boos t  Pump: Potass ium 

P e r f o r m a n c e   c h a r a c t e r i s t i c s   f o r   n i n e t e e n  EM pump d e s i g n s   f o r   t h e  
c o n d e n s a t e   b o o s t  pump a p p l i c a t i o n   a r e   s u m m a r i z e d   i n   T a b l e   1 5 .   D e s i g n s  1 
through 5 a r e  for t h e   d e s i g n   p o i n t .  Designs 6 th rough  17 a r e   f o r   o t h e r  
r a t i n g s   s e l e c t e d   f r o m   t h e   s t u d y   r a n g e ,   a n d   d e s i g n s  18 and 19 a r e   f o r   t h e  
d e s i g n   p o i n t   w i t h   t h e   f l u i d   v e l o c i t y   r e d u c e d   s e v e r e l y   t o   p r e v e n t   c a v i t a t i o n  
when t h e   s u c t i o n   p r e s s u r e  i s  v e r y  l o w .  
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TABLE 15. CHARACTERISTICS  OF  SELECTED EM PUMP  DESIGNS 
I Turboelectric Condensate  Boost:  Potassium 

I 

Selected  Characteristicsa I I  Resultant  Characteristics 

Fluid  Press.  Fluid Power  Power  Power Cooling Winding Pump 
Design Pumpc Temp., Flow, Rise, Vel.,  Freq., Output, Input, E f f . ,  PF, Load, Temp., OF W t . ,  Sp. W t . ,  

No. Type OF gpm ps i  f t / sec  cps kw kw % % kw Max. Av. l b s  lbs/kw e 
~ 

1 1200 
2 
3* g 
4 
5 DC 
6 H I  
7 DC 

I 
P 
w 
4 
I 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

A I  I 

i I  
3l 

22 
24 
25 
27 
27 

11 22 
11 27 

130  29 
39 I 1  3.0  40 27 11 

I 3.0  27 
28 
27 

15 24 
26 

100 
150 
200 
400 
-" 
200 
"_ 

50 
100 
200 
"- 
200 
"- 
200 
"_ 
200 
2 00 
100 
200 

0.20 

0.14 
0.14 
1.6 

1 
0.02 
0.02 
0.41 
0.41 
0.20 
0.21 
0.20 
0.20 

2.0 10 49 
1.9 10 40 
? . O  10 43 
2.8 7 46 
1.5 14 -- 
1.4 10 34 
1.1 12 " 

7.7 2 1  44 
8.8 19 43 
8.9 18 28 
7.2 23 -- 
0.7 3 .0  44 
0.3 6.0 -- 
3.0 14 34 
2.6 16 -- 
2.0 10 46 
2 .1  10 39 
2.5 8.0 53 
2.7 7.5 45 

1.5 790 
1.3 780 
1.1 760 
1.1 760 
0.6 --- 
-" -" 
-"  -" "_ "_ 
"- "_ 
-" _" 
-" "- "_ "_ 

750 
740 
720 
730 
"- 
-" 
"- 
-" 
-" 
-" 
"- 
-" 

"- 
"- 
"- 

33 
30 
26 
22 

9 
20 

7 
14 0 
76 
87 
69 
11 
3 

38 
13 
25 
27 
38 
32 

160 
160 
130 
110 
44 

150 
51 
84 
47 
54 
43 

540 
120 
90 
32 

120 
130 
190 
160 

LHI = helical   induction; DC = direct  current  conduction; A I  = annular  induction;  FI = f la t   induct ion;  SPI = Single 

dHydraulic power developed by the  pump. 
e,, 

phase  induction. 

Pump Weight" divided by  "Power Output" as shown i n   t h i s   t a b l e .  



a. D e s c r i p t i o n   o f  Pump Des igns ,   Des ign   Po in t  

1. Helical I n d u c t i o n  Pump. Des igns  1 th rough  4 i n   T a b l e  15 are h e l i c a l  
i n d u c t i o n  pumps d e s i g n e d   f o r  100, 150, 200, and 400 c p s ,   r e s p e c t i v e l y .   I n  
g e n e r a l ,   t h e   d e s i g n s  fo r  t h e   h i g h e r   f r e q u e n c i e s   t e n d  t o  be  somewhat l i g h t e r  
and less e f f i c i e n t ,   a l t h o u g h   t h e   c h a n g e s  are s l i g h t   o v e r   t h i s   f r e q u e n c y  
r ange .  A s  i n d i c a t e d   i n   S e c t i o n  V.D,  pump d e s i g n  3 a t  200 c p s   g i v e s   t h e  
best s y s t e m   p e r f o r m a n c e   o f   t h e   i n d u c t i o n  pump d e s i g n s   f o r   t h e   d e s i g n   p o i n t .  
T h e   d i s t r i b u t i o n   o f   t h e  losses f o r   t h i s   d e s i g n  i s  i n d i c a t e d   i n   T a b l e  16. 
F i g u r e  76 i s  a reduced  size l a y o u t .   P e r f o r m a n c e   c u r v e s  are shown i n   F i g u r e  
77. O t h e r   h e l i c a l   i n d u c t i o n   d e s i g n s   f o r   t h e   d e s i g n   p o i n t  are q u i t e  similar 
t o  t h a t   i n   F i g u r e  76. Many o f   t h e   d e t a i l e d   d e s i g n   f e a t u r e s   i n   F i g u r e  76, 
such  as w e l d   p r e p a r a t i o n s ,   w o u l d   d o u b t l e s s   b e   m o d i f i e d   i f  a comple te  
m e c h a n i c a l   d e s i g n  were made. 

The   duc t  i s  AIS1  Type 316-L SS. The   duc t   a s sembly   compr i se s   an   ou te r  
c y l i n d e r ,   a n   i n t e r m e d i a t e   c y l i n d e r   i n   w h i c h   h e l i c a l   p a s s a g e s  are machined, 
an   assembly   of   magnet ic  core l a m i n a t i o n s ,   a n   i n n e r   c y l i n d e r ,   e n d  members 
c o n n e c t i n g   a n d   c l o s i n g   t h e   c y l i n d e r s  a t  t h e   e n d s ,   a n d   i n l e t   a n d   o u t l e t  
c o n n e c t i o n s .   T h e   r a d i a l  wal l  t h i c k n e s s e s  o f   b o t h   o u t e r   a n d   i n t e r m e d i a t e  
d u c t   c y l i n d e r s  are 0.025 i n .  The h e l i c a l   p a s s a g e s  are approx ima te ly   squa re  
w i t h  a s i d e   w i d t h  o f   a p p r o x i m a t e l y   0 . 3 4   i n . ;   t h e r e  are t w o  s u c h   p a s s a g e s  
h y d r a u l i c a l l y   i n   p a r a l l e l .   T h e   a x i a l   w i d t h   o f   t h e   b o u n d a r i e s   o f   t h e   f l o w  
p a s s a g e s  i s  0.02 i n .  The i n n e r   c y l i n d e r  i s  n o t   l i n k e d  by t h e   m a g n e t i c  
f i e l d   a n d ,   h e n c e ,  i t  may have   any   convenient  wal l  t h i c k n e s s .  The p i p e  
i l l u s t r a t e d  i s  3 / 4   i n .   s c h e d u l e  40. The core i s  composed  of  one-piece 
l a m i n a t i o n s   w i t h   t h e   p r i n c i p a l   p l a n e s   o f   t h e   l a m i n a t i o n s   p e r p e n d i c u l a r  t o  
t h e   a x i a l   c e n t e r l i n e   o f   t h e   d u c t ,  Any o f   t h e   a v a i l a b l e   c o b a l t   i r o n   a l l o y s  
a p p e a r   a d e q u a t e ,   s i n c e   t h e   f l u x   d e n s i t y  may be   main ta ined  a t  50,000 l i n e s / i n .  
w i t h o u t   s i g n i f i c a n t   w e i g h t   p e n a l t y .   B e c a u s e   o f   t h e  low f l u x   d e n s i t y  and  low 
f r e q u e n c y ,   l a m i n a t i o n   t h i c k n e s s  i s  n o t  c r i t i c a l .  An i n o r g a n i c   i n t e r l a m i n a r  
i n s u l a t i o n   w h i c h  i s  n o t   s u b j e c t  t o  c o n t i n u e d   o u t g a s s i n g   o r   r e a c t i o n   w i t h  
t h e   m a g n e t i c  core a t  1200 OF i s  r e q u i r e d .   P o s s i b l e  materials are d i s c u s s e d  
i n   S e c t i o n  1 I I . D .  

2 

The s t a t o r  a s s e m b l y   c o m p r i s e s   t h e   c o o l i n g   c o i l   a s s e m b l y ,   w h i c h  i s  welded 
or brazed  t o  t h e   r a d i a l   p e r i p h e r y   o f   t h e   c y l i n d r i c a l   f r a m e ;   t h e   c y l i n d r i c a l  
f r a m e ;   t h e   s t a t o r   l a m i n a t i o n s ;   t h e   s t a t o r   w i n d i n g ;   a n d   t h e  s t a t o r  can.  The 
c o o l i n g   c o i l   a s s e m b l y ,   w h i c h  i s  made of s t a i n l e s s  s tee l  t u b i n g   3 / 8 - i n .  OD 
by  0.028-in.  wal l  t h i c k n e s s ,   c o n s t i t u t e s   t h e   h e a t   s i n k   f o r   t h e  pump. I t  
i s  s u p p l i e d   w i t h  N a K  a t  6 0 0 ' " F .  Pump wind ing   t empera tu re  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  c o o l a n t   f l o w  rate a t  f lows  of   one gpm or  h i g h e r .  

S i n c e   t h e   c y l i n d r i c a l   f r a m e   m u s t   s u p p o r t   t h e  s t a t o r  lamina t ion   assembly  
and c o n t a i n   t h e  gas i n   t h e  s ta tor  w i n d i n g   c a v i t y ,  i t s  d e s i g n  i s  determined  by 
s t r u c t u r a l   c o n s i d e r a t i o n s .  A nominal wall t h i c k n e s s  of 1/8 i n .  has been 
used   and ,  t o  s i m p l i f y   t h e  s ta tor  f r a m e   t o  s ta tor  c a n   c o n n e c t i o n ,   a u s t e n i t i c  
s ta in less  steel ,  a lso u s e d   f o r   t h e  s ta tor  c a n ,  is p r e f e r r e d .  
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TABU3 16. POWER DISTRIBUTION FOR  CONDENSATE  BOOST  PUMP 
( D e s i g n   P o i n t ;   H e l i c a l   I n d u c t i o n   A p p l i c a t i o n ;   2 0 0  c ~ s ) ~  

Item 

Design  Point   Data  
- . 

Kw 
P e r c e n t  

I n p u t  

Pump Output   0 .20  10 

S t a t o r   W i n d i n g  Loss 0.52  26 

Secondary   (F lu id )  LOSS 0.88 43 

I r o n  Loss 0.2 10 

S t a t o r  Can Loss 0. 05 3 

H y d r a u l i c  Loss 

T o t a l  Power  Input 

0.07 - 
2.03 

- 3 
100 

~~ 

a 
~~ 

See Design 3, Table 1 5 .  
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The s t a t o r   l a m i n a t i o n s  w i l l  be a t  a t empera tu re   o f   app rox ima te ly  700°F. 
A s  i n d i c a t e d   i n   P a r t  A of t h i s   s e c t i o n ;   f l u x   d e n s i t i e s  are approx ima te ly  
90,000 l i n e s / i n . 2 .   B e c a u s e   a n   i m p o r t a n t   f u n c t i o n   o f   t h e   s t a t o r   l a m i n a t i o n s  
is t o   c o n d u c t   t h e   l o s s e s   t o   t h e   h e a t   s i n k ,   h i g h   t h e r m a l   c o n d u c t i v i t y  i s  
d e s i r a b l e .   T h e   l o w   s i l i c o n   m a g n e t i c  s teels ,  common i r o n ,  or t h e   c o b a l t -  
i r o n   a l l o y s   a f f o r d  a s a t i s f a c t o r y   c o m b i n a t i o n   o f   t h e r m a l   a n d   m a g n e t i c  
p r o p e r t i e s .   C a l c u l a t i o n s   a r e   b a s e d   o n  common i r o n .   L a m i n a t i o n   t h i c k n e s s  
is n o t  c r i t i ca l  and may be   0 ,025   i n .  or less. A s t a b l e   i n t e r l a m i n a r   i n -  
s u l a t i o n  i s  r e q u i r e d   t o   a v o i d   p r e s s u r e   b u i l d u p   i n   t h e   s t a t o r   w i n d i n g  
c a v i t y   a n d   t o   a v o i d   i n t e r l a m i n a r   e d d y   c u r r e n t .  

The s t a t o r   w i n d i n g  is  two p o l e ,   t h r e e   p h a s e ,   l a p  wound,  two c o i l   s i d e s  
p e r   s l o t .   E i g h t e e n   s l o t s ,   0 . 3 2 - i n .  wide by 0 .75- in .   deep ,   a re   used   and  
t h e   i n d i v i d u a l   c o i l s   a r e   f o r m  wound u s i n g   r e c t a n g u l a r  wire. (Random 
wound c o i l   c o n s t r u c t i o n   u s i n g   r o u n d  wire i s  p o s s i b l e   a n d  may p rove  p re -  
f e r a b l e . )  A t o t a l   c o n d u c t o r   c r o s s   s e c t i o n   o f   2 . 6 5   i n . 2  is u s e d ,  w i th  a 
mean l e n g t h  of t u r n  of 26 i n c h e s .   P e r f o r m a n c e   c a l c u l a t i o n s   a r e   b a s e d   o n  
coppe r   w ind ings   w i th  a r e s i s t i v i t y  of  1.75  U-ohm-in. a t  750°F.  Ground 
w a l l   i n s u l a t i o n   a n d   i n s u l a t i o n   b e t w e e n   t u r n s   a r e   a s s u m e d   t o   b e  0.025 i n .  
and 0.005 i n . ,   r e s p e c t i v e l y .   T h i s   d e s i g n   h a s   e i g h t   t u r n s   p e r   c o i l .  When 
t h e   c o i l s   a r e  wye c o n n e c t e d ,   o n e   c i r c u i t   p e r   p h a s e ,   t h e   l i n e   v o l t a g e  i s  
76 v o l t s   a n d   t h e   l i n e   c u r r e n t   3 1 . 5  amp. The v o l t a g e   a n d   c u r r e n t   c o m b i n a t i o n  
may be changed   by   chang ing   t he   number   o f   t u rns   pe r   co i l .  The s t a t o r   w i n d i n g  
c a v i t y  i s  f i l l e d   w i t h   n i t r o g e n   a t   a p p r o x i m a t e l y   o n e   a t m o s p h e r e   o f   p r e s s u r e  
a t  700°F. S e c t i o n  1 I I . D  and   Sec t ion  V.A d i s c u s s   e l e c t r i c a l   c o n d u c t o r s ,  
e l e c t r i c a l   i n s u l a t i o n ,  and d i e l e c t r i c   g a s e s   f u r t h e r .  Eddy c u r r e n t s   p r o d u c e  
l o s s   i n   t h e   s t a t o r   c a n .   A u s t e n i t i c   s t a i n l e s s  s t ee l ,  0 .015- in .   t h i ck ,  i s  
chosen for the   can .   Power  i s  s u p p l i e d   t o   t h e   s t a t o r   w i n d i n g s   t h r o u g h  a 
c e r a m i c   t o   m e t a l   s e a l   a s s e m b l y   i n   t h e   s t a t o r   e n v e l o p e .  

T h e   t h e r m a l   i n s u l a t i o n   b e t w e e n   t h e  pump d u c t   a n d   t h e   s t a t o r   c a n   c o n s i s t s  
o f   a l t e r n a t e   l a y e r s   o f   a u s t e n i t i c   s t a i n l e s s  s tee l  c l o t h   a n d   s t r i p   t h a t  is  
l a m i n a t e d   t o   r e d u c e   e d d y   c u r r e n t   l o s s .   S t r i p   d i m e n s i o n s   a r e   a p p r o x i m a t e l y  
0 . 0 0 3 - i n .   t h i c k  by 0 . 3 - i n .   w i d e ;   c l o t h   t h i c k n e s s   p e r   l a y e r ,   a p p r o x i m a t e l y  
0 . 0 1 0 - i n .   t h i c k .   T h u s ,   a b o u t   f o u r   l a y e r s   o f   t h e   s t r i p   a n d   c l o t h   c o m b i n a t i o n  
may b e   p l a c e d   i n   t h e  0.05 i n .   a v a i l a b l e   f o r   t h e r m a l   i n s u l a t i o n .   S e c t i o n  
1 I I . D  g i v e s   d a t a  on s i m i l a r   i n s u l a t i o n   i n   a i r .  

T h e   v e l o c i t y   h e a d   a s s o c i a t e d   w i t h   t h e   f l u i d   v e l o c i t y   o f  25 f t / s e c   i n  
t h e  pump d u c t  i s  9.8 f t .  The   des ign   po in t  NPSH of   10 f t  i s  n o t   s u f f i c i e n t  
t o   i n s u r e   t h e   a b s e n c e   o f   c a v i t a t i o n .  A s  i n d i c a t e d   i n   S e c t i o n  I I I . B ,  i f   o n l y  
1 0   f t  NPSH i s  a v a i l a b l e ,   t h e   d u c t   e n t r a n c e   v e l o c i t y   s h o u l d   b e   l i m i t e d   t o  
approx ima te ly  18 f t / s e c .  To a v o i d   c a v i t a t i o n   w i t h   a n  NPSH of 10 f t ,   e i t h e r  
o f   t w o   a p p r o a c h e s   a p p e a r   f e a s i b l e .   I n   t h e   m o s t   d i r e c t   a p p r o a c h ,   t h e  pump 
d u c t   v e l o c i t y  i s  s i m p l y   l i m i t e d   t o  18 f t / s e c .   T h i s   r e s u l t s   i n  somewhat 
g r e a t e r  pump we igh t   and   l ower   e f f i c i ency .   L ine  19, T a b l e   1 5   i n d i c a t e s  
a p p r o x i m a t e   c h a r a c t e r i s t i c s   f o r  a 200 cps  pump for t h e   d e s i g n   p o i n t   c h a r a c -  
t e r i s t i c s  and   a   duc t   ve loc i ty   o f   15   f t / s ec .   Compared   w i th   des ign   3 ,   t h i s  
pump has  a w e i g h t   i n c r e a s e   o f   a p p r o x i m a t e l y  23%  and  a  power  input  increase 
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of   app rox ima te ly   31%.   Because   t he   des ign   p rocedure  is n o t   s u f f i c i e n t l y  
precise t o   i n d i c a t e   a c c u r a t e l y   s u c h  a s m a l l   c h a n g e   i n   i n l e t   v e l o c i t y ,  
s p e c i f i c   d e s i g n   c a l c u l a t i o n s  were n o t  made f o r  a pump d e s i g n   w i t h  a duc t  
v e l o c i t y   o f  18 f t / s e c .  

I n   a n o t h e r   a p p r o a c h ,   v a r i a b l e   c r o s s - s e c t i o n   h e l i c a l   p a s s a g e s  may be  
u s e d   t o  l i m i t  t h e   f l u i d   v e l o c i t y   t o  18 f t / s e c ,  or less, i n   t h e   e n t r a n c e  
r e g i o n   o f   t h e  pump u n t i l   a n   i n c r e a s e   i n   p r e s s u r e  i s  developed  by t h e  
e l e c t r o m a g n e t i c   r e a c t i o n .   T h e n ,   t h e   c r o s s   s e c t i o n   o f   t h e   p a s s a g e s  may 
b e   r e d u c e d   u n t i l   t h e   f l u i d   v e l o c i t y  i s  c o n s i s t e n t   w i ' t h  low pump weight  
a n d   p o w e r   i n p u t .   A l t h o u g h   t h i s   a p p r o a c h   h a s   n o t   b e e n   u s e d   i n   d e s i g n s  
d e v e l o p e d   t o   d a t e ,  i t  a p p e a r s   f e a s i b l e .  

F i g u r e  77 shows  developed  pressure,   power  input ,   and  power  factor   as  
a f u n c t i o n   o f   f l o w   f o r  pump d e s i g n  3 i n   T a b l e   1 5 .   D e v e l o p e d   p r e s s u r e  i s  
shown for f o u r   d i f f e r e n t   v o l t a g e s .  P o w e r   i n p u t   v a r i e s   a s   t h e   s q u a r e   o f  
t h e   v o l t a g e   a n d  i s  i l l u s t r a t e d   f o r   r a t e d   v o l t a g e .  Power f a c t o r  i s  
i n d e p e n d e n t   o f   v o l t a g e .   B o t h   p o w e r   i n p u t   a n d   p o w e r   f a c t o r   a r e   r e l a t i v e l y  
i n s e n s i t i v e   t o   f l o w .   T h e   s h a p e   o f   t h e   p r e s s u r e - f l o w   r a t e   c u r v e s   i l l u s t r a t e s  
t h e   s u i t a b i l i t y  of t h i s  pump f o r   c o n t r o l   o f   f l o w  by v o l t a g e   v a r i a t i o n .  

Tab le   16   shows   t he   d i spos i t i on  of t h e  power i n p u t   t o  pump d e s i g n   3 .  
T h e  p r e d o m i n a n t   l o s s e s   o c c u r   i n   t h e   s t a t o r   w i n d i n g   a n d   a s   r e s i s t i v e   l o s s  
i n   t h e   p o t a s s i u m .  To a  good a p p r o x i m a t i o n ,   d u c t   l o s s e s   a r e   d i r e c t l y  
p r o p o r t i o n a l   t o   r a d i a l   d u c t   w a l l   t h i c k n e s s   a n d   i n v e r s e l y   p r o p o r t i o n a l   t o  
t h e   e l e c t r i c a l   r e s i s t i v i t y   o f   t h e   d u c t   m a t e r i a l .   T h a t  l i t t l e  w i l l  be  
ga ined  by u s i n g  a t h i n n e r   d u c t   w a l l  or a m a t e r i a l  of h i g h e r   r e s i s t i v i t y  
i s  appa ren t .   Because   o f  i t s  low r e s i s t i v i t y ,   h o w e v e r ,  columbium a s  a 
d u c t   m a t e r i a l   i n t r o d u c e s   s i g n i f i c a n t   a d d i t i o n a l   d u c t   w a l l   l o s s ,   u n l e s s  
t h e   w a l l   t h i c k n e s s  i s  reduced .  

2 .  DC Conduct ion Pump. C a l c u l a t e d   p e r f o r m a n c e   c h a r a c t e r i s t i c s   a n d  - 
pump w e i g h t   f o r  a dc   conduc t ion  EM pump for t h e   d e s i m   p o i n t   r a t i n g   a r e  . .  

g i v e n   i n   T a b l e  15, d e s i g n   5 .   F i g u r e  78  shows s e v e r a l  v i e w s  of t h i s  pump 
c o n f i g u r a t i o n .   T h i s  pump i s  o f   t h e   u n c o m p e n s a t e d   s e r i e s   e x c i t e d   c o n d u c t i o n  
t y p e   w i t h   1 - 1 / 2   e f f e c t i v e   t u r n s   i n   t h e   e x c i t i n g   w i n d i n g .  A t  t h e   r a t e d  
p o i n t ,  a c u r r e n t  of  2310 amp i s  r e q u i r e d   a t   0 . 6 3   v o l t .  

" - 

The d u c t   m a t e r i a l  i s  AIS1  Type  316-L SS. The c r o s s - s e c t i o n a l   d i m e n s i o n s  
of t h e   f l u i d   p a s s a g e   a r e   0 . 1 2 5   i n .  by 1 . 5   i n .  The length   o f   the   pumping  
s e c t i o n ,   i n   t h e   d i r e c t i o n  of f l o w ,  i s  2 i n .  The w a l l   t h i c k n e s s  is 0 .025   i n .  
The m a g n e t   o p e r a t e s   a t   t h e   a p p r o x i m a t e   t e m p e r a t u r e   o f   t h e   f l u i d  pumped, 
1200°F,  and,  hence,  no t h e r m a l   i n s u l a t i o n  is requi red   be tween  the   duc t   and  
the   magnet .  To p r e v e n t   l e a k a g e   c u r r e n t s   i n   t h e   m a g n e t s ,   h o w e v e r ,   e l e c t r i c a l  
i n s u l a t i o n  i s  r e q u i r e d .  A space   o f   0 .003   in .  on e i t h e r   s i d e   o f   t h e   d u c t  is  
a l l o w e d   f o r   t h i s   i n s u l a t i o n .  The i n s u l a t i o n  is  n o t   s p e c i f i e d ,   b u t   a n y  
m e c h a n i c a l l y   s u i t a b l e  ceramic would  be  adequate .  Two l a y e r s   o f   m e t a l l i c  
f o i l ,   s e a l   w e l d e d   a t   t h e   e d g e s   a n d   c e r a m i c   c o a t e d  on t h e   i n n e r   s u r f a c e s ,  
c o u l d   a l s o  be u s e d   a t  some i n c r e a s e   i n   i n s u l a t i o n   t h i c k n e s s   b u t   w i t h  a 
n e g l i g i b l e   c h a n g e   i n   p e r f o r m a n c e .  
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T h e   f l u i d  streams i n   t h e   i n l e t   a n d   o u t l e t   f l o w   t r a n s i t i o n   s e c t i o n s  
a t  e i t h e r   e n d   o f   t h e   p u m p i n g   s e c t i o n  are s e p a r a t e d   i n t o   t h r e e   s e c t i o n s  
t o  l i m i t  t h e   f r i n g i n g   c u r r e n t   i n   t h e   f l u i d   a n d   t h e   d u c t  walls.  Thus ,  
s e p a r a t e   s e c t i o n s  are p a r e l l e l e d  by h e a d e r s   s e v e r a l   d i a m e t e r s  removed 
from t h e   p u m p i n g   s e c t i o n .   I n   F i g u r e  78 t h e   t h r e e  flow s e c t i o n s   o f   t h e  
t r a n s i t i o n   r e g i o n s  are d e p i c t e d  as s e p a r a t e   i n   t h e   p u m p i n g   s e c t i o n ,  
w i t h   t h e   a d j a c e n t  walls w e l d e d   s o l i d l y   t o g e t h e r .   I f   t h e  metal l ic  wal l s  
b e t w e e n   a d j a c e n t   f l o w   p a s s a g e s   i n   t h e  pumping s e c t i o n  are o m i t t e d ,   l e a v i n g  
o n e   r e c t a n g u l a r   p a s s a g e ,   p e r f o r m a n c e  w i l l  b e   i m p r o v e d   s l i g h t l y .   D e t a i l e d  
design  and  development  work i s  n e c e s s a r y  t o  select t h e   b e s t   a r r a n g e m e n t  
i n   t h i s   r e g i o n .  

The  magnet i s  c o b a l t - i r o n ,   p r o b a b l y  35% c o b a l t .   F l u x   d e n s i t i e s  are 
43,000 l i n e s / i n . 2   a n d   1 2 0 , 0 0 0   l i n e s / i n . : !   i n   t h e  a i r  gap   and   t he   magne t ,  
r e s p e c t i v e l y .  N o  conduc t ion   coo l ing   o f   t he   magne t  i s  shown i n   F i g u r e  78. 
S e c t i o n  1 I I . D  d i s c u s s e s   p r o p e r t i e s   a n d   l i m i t a t i o n s   o f   v a r i o u s   m a g n e t i c  
materials a t  h i g h   t e m p e r a t u r e s .   A l t h o u g h   o p e r a t i o n  a t  1200 OF a p p e a r s  
f e a s i b l e ,   t h e   m a g n e t   t e m p e r a t u r e  may b e   r e d u c e d   r e a d i l y ,   i f   t h i s   b e c o m e s  
d e s i r a b l e ,   b y   u s i n g   c o o l i n g  co i l s  a t t a c h e d  t o  t h e   p e r i p h e r y   o f   t h e   m a g n e t  
i n   c o n j u n c t i o n   w i t h   t h e r m a l   i n s u l a t i o n   b e t w e e n   d u c t   a n d   m a g n e t   s u r f a c e s .  
Pump p e r f o r m a n c e   a n d   w e i g h t   w o u l d   b e   a d v e r s e l y   a f f e c t e d ,   b u t   o n l y   s l i g h t l y .  

The  performance shown f o r   d e s i g n  5 ,  T a b l e  15, i s  based   on  series 
wind ings  of t h e  size i l l u s t r a t e d   i n   F i g u r e  7 8  hav ing   an  e lec t r ica l  
r e s i s t i v i t y   o f  2.37 p - o h m - i n . ,   t h e   r e s i s t i v i t y   o f   c o p p e r  a t  1200 OF. I n  
t h e   i l l u s t r a t i o n ,   t h e   w i n d i n g s  are coo led  by r a d i a t i o n  t o  space .   E lementary  
c a l c u l a t i o n s   i n d i c a t e   t h a t   s u c h  a c o o l i n g   a r r a n g e m e n t  may b e   f e a s i b l e  a t  
t h e   s e l e c t e d   c u r r e n t   d e n s i t y   o f  4500 amp/ in .2 ,   a s suming   t ha t   t he  pump i s  
l o c a t e d  so t h a t   t h e   w i n d i n g s   c a n   e f f e c t i v e l y   r a d i a t e  t o  s p a c e  or t o  o b j e c t s  
a t  t e m p e r a t u r e s   c o n s i d e r a b l y  less than   1200  OF. If such  a l o c a t i o n  i s  
i n f e a s i b l e ,   t h e   w i n d i n g s  may be   conduc t ion   coo led  by a l i q u i d  metal a t  an 
a p p r o p r i a t e   t e m p e r a t u r e  less than   1200 O F  i n   t u b e s   a t t a c h e d   t o   t h e   s u r f a c e  
o f   t h e   w i n d i n g s  or e n c l o s e d   w i t h i n   t h e   s u r f a c e   o f   t h e   w i n d i n g s .   T h e  
w i n d i n g - e l e c t r o d e   j o i n t   r e g i o n   p o s e s  a d i f f i c u l t   d e s i g n   p r o b l e m   I n   t h e  
d e s i g n   i l l u s t r a t e d ,   t h e   e l e c t r o d e  i s  a n   e x t e n s i o n   o f   t h e   d u c t   a n d ,   h e n c e ,  
i s  AIS1  Type  316-L SS. T h e   e l e c t r o d e  may be a n   i n t e g r a l   p a r t   o f   t h e   d u c t  
s t r u c t u r e  o r  i t  may be  welded t o  t h e   s i d e s   o f   t h e   d u c t .   T h e   w i n d i n g  is  
welded o r  b r a z e d   t o   t h e   e l e c t r o d e   i n   t h e   j o i n t   c o n f i g u r a t i o n   i l l u s t r a t e d  
t o  p r o v i d e  maximum c o n t a c t  area. T h i s   l e a d s  t o  l o w  c u r r e n t   d e n s i t i e s   i n  
t h e   j o i n t   a n d   e l e c t r o d e   a r e a ;   h e n c e ,  l o w  loss, low t e m p e r a t u r e  r i se ,  and 
low v o l t a g e   d r o p   i n   t h i s   r e g i o n .  mis c o n c e p t   i n v o l v i n g  a b i m e t a l l i c  
j o i n t   w i t h   a b r u p t   c h a n g e s   i n   c r o s s - s e c t i o n a l  area o f   a d j o i n i n g  parts,  and 
the   deve lopmen t   and   demons t r a t ion   o f  a r e l i a b l e   d e s i g n   i n  a f o r m i d a b l e   t a s k .  
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b.  Pump Requi rement   Parameter   Range .   Per formance   for  EM pumps d e s i g n e d  
f o r   v a r i o u s   r a t i n g s   o v e r   t h e   s t u d y   r a n g e   ( T a b l e   1 4 )  i s  shown i n   T a b l e   1 5  
u n d e r   d e s i g n  6 t h r o u g h   1 7 .   I n   a l l   t h e s e   d e s i g n s ,   d u c t   v e l o c i t y  w a s  chosen 
w i t h o u t   r e g a r d   f o r   t h e   s p e c i f i e d   d e s i g n   p o i n t  NPSH o f  10 f t .   R a t h e r ,   t h e  
b a s i s   f o r   s e l e c t i n g   v e l o c i t y  was t h e   e f f i c i e n c y - w e i g h t   t r a d e - o f f .  I t  i s  
a s s u m e d   t h a t   t h e   d u c t   p a s s a g e s   c a n   b e  made l a r g e r   i n   t h e   i n l e t   s e c t i o n   o f  
t h e  pumping  region so t h a t   c a v i t a t i o n   c a n   b e   a v o i d e d   w i t h   a n  NPSH o f   1 0   f t .  
L i n e s  18 and  19 show p e r f o r m a n c e   c a l c u l a t i o n s   f o r   d e s i g n s   u t i l i z i n g  much 
l o w e r   f l u i d   v e l o c i t i e s   t h a n   t h o s e   d e r i v e d   f r o m   a n   e f f i c i e n c y - w e i g h t  
compromise . 

Except   those  whose  performance i s  g i v e n   b y   l i n e s  8 t h r o u g h   1 0 ,   a l l  
d e s i g n s   c o v e r e d   i n   T a b l e   1 5   a r e   e i t h e r   t h e   h e l i c a l   i n d u c t i o n   t y p e  or t h e  
d c  series e x c i t e d   c o n d u c t i o n   t y p e .   A l t h o u g h   i n d i v i d u a l   d i m e n s i o n s   d i f f e r  
g r e a t l y ,   t h e   g e n e r a l   a p p e a r a n c e   a n d   a r r a n g e m e n t   o f   t h e s e  pump d e s i g n s  i s  
s i m i l a r   t o   t h a t   i l l u s t r a t e d   i n   F i g u r e s   7 7   a n d   7 8 .   B e c a u s e   t h e  pump 
r a t i n g   a p p l i c a b l e   t o   d e s i g n s   8 , , 9   a n d   1 0 .   i n v o l v e s  a f low-pres su re   combina t ion  
which i s  b e t t e r   s u i t e d   t o   t h e   a n n u l a r   i n d u c t i o n  pump t h a n   t h e   h e l i c a l  
i n d u c t i o n  pump, d e s i g n s   o f   t h e   a n n u l a r   i n d u c t i o n   t y p e  were c h o s e n   f o r  
t h i s   r a t i n g .   T h i s   t y p e  pump i s  shown i n   F i g u r e   7 9   a n d   d e s c r i b e d   b e l o w .  

2.  Rad ia to r   Coo lan t  Pump: NaK 

a .   D e s c r i p t i o n   o f  Pump D e s i g n s ,   D e s i g n   P o i n t .   T h e   d e s i g n   p o i n t   p r e s s u r e  
f l o w   c o m b i n a t i o n   f o r   t h i s  pump i s  s u c h   t h a t   i n d u c t i o n  pumps o f   b o t h   a n n u l a r  
a n d   h e l i c a l   t y p e s   a r e   a p p l i c a b l e .   A c c o r d i n g l y ,   p e r f o r m a n c e   c a l c u l a t i o n s  
were made f o r   d e s i g n s   f o r   b o t h   t y p e s .   D e s i g n   a n d   p e r f o r m a n c e   c a l c u l a t i o n s  
were made f o r  power  supply  f requencies   of   50,   100,   200,   and 400 c p s .   T a b l e  
1 7  l i s t s  t h e  m o s t   i m p o r t a n t   r e s u l t s   o f   t h e s e   c a l c u l a t i o n s .  A t  e q u i v a l e n t  
or s l i g h t l y   l o w e r   w e i g h t s ,   t h e   b e s t   a n n u l a r   d e s i g n s   h a v e  somewhat b e t t e r  
pe r fo rmance   t han   t he   bes t   he l i ca l   des igns .   The   cho ice ,   however ,  i s  nar row.  

1. A n n u l a r   I n d u c t i o n  Pump. Des igns  1 th rough  4 i n   T a b l e  17 a r e  
a n n u l a r   i n d u c t i o n  pump des igns   fo r   50 ,   100 ,   200 ,   and  400 c p s ,   r e s p e c t i v e l y .  
T h e   e f f i c i e n c y  i s  a maximum f o r   t h e  100 c p s   d e s i g n   ( l i n e   2 ) .  Pump weight 
i s  h i g h e s t   f o r   t h e   5 0   c p s   d e s i g n .  I t  d e c r e a s e s   r a p i d l y   w i t h   i n c r e a s i n g  
f r e q u e n c y   t o  200 c p s   b u t  rises s l i g h t l y   f o r   t h e  400 cps   des ign .   The   bes t  
combina t ion   o f   e f f i c i ency   and   we igh t  i s  a t  100 t o  200  cps.   The  200  cps 
d e s i g n ,   d e s c r i b e d   b r i e f l y   b e l o w ,  i s  t h e   b a s i s   f o r   t h e   i l l u s t r a t i o n   i n  
F i g u r e   7 9 ,   t h e  loss d i s t r i b u t i o n   i n   T a b l e  18 and   t he   pe r fo rmance   cha rac -  
t e r i s t ics  c u r v e s   i n   F i g u r e   8 0 ,  

The  duct  i s  AIS1  Type  316-L S S .  The  duc t   assembly   compr ises   an   ou ter  
c y l i n d e r   w i t h  a d i ame te r   o f   app rox ima te ly  1.3 i n . ,   a n   i n n e r   c y l i n d e r   w i t h  
a d i a m e t e r   o f   a p p r o x i m a t e l y   1 . 0   i n . ,  a m a g n e t i c   c o r e   s e a l e d   w i t h i n   t h e  
i n n e r   c y l i n d e r ,   a n d  a  means o f   m a i n t a i n i n g   t h e   i n n e r   c y l i n d e r   c o n c e n t r i c  
w i t h   t h e   o u t e r   c y l i n d e r .   T h e   w a l l   t h i c k n e s s   o f   e a c h   c y l i n d e r  i s  0 . 0 2 5   i n .  
T h u s ,   t h e   f l o w   p a s s a g e  i s  an   annulus   o f  mean d i a m e t e r   1 . 1 5   i n .   a n d   r a d i a l  
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TABU 17. CHARACTERISTICS  OF  SELECTED EM PUMP D E S I G N S  
I1 Turboelectric  Radiator  Coolant: N a K  

V Thermionic  Radiator  Coolant: NaK 

Selected  Characterist icsa 

Fluid  Press.  Fluid Power 
Design Pump Temp., Flow, Rise, Vel . ,  Freq.,  
No. Type‘ O F  gpm p s i  f t / sec  cps 

1 
2 
3 *  
4 
5 
6 
7 
8 
9 

tu 10 
I 11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

P 
I 

4 

A I  

1 
5 DC 

DC 
H I  
DC 

P 
Dc 
A I  
A I  
H I  
DC 
A I  
A I  
H I  
DC 
A I  
AI 

1 201 

1000 
1300 

0 60 

30 
30 

’j. 60 

25  25 
32 
40 
37 
21  
24 
25 
26 
39 
29 
23 
34 
30 
33 
42 
29 
27 
35 

v 

i ;; 
100 36 

43 1 2 
25 39 
25 4 1  

50 
100 
200 
400 

50 
100 
200 
400 
“- 

“- 

100 
“- 

50 
100 
200 
”- 

100 
200 
100 
”- 

100 
200 
100 
”- 

200 
200 

*Optimum Design.  See  Tables 26 and 29. 

Resul tant   Character is t ics  

Power  Power Cooling Winding Pump 
Output,  Input, E f f . ,  PF, Load, Temp., OF W t . ,  Sp. W t . . ,  

kw  kw % % kw Max.  Av. lbs lbs/kw e 

i6 0 

0.33 
0.33 
3 . 9  

1 
i 
1 

0.26 

2 .6  

0.66 
0.66 

5.05 
4 .51  
5.36 
6.53 
5.15 
5.36 
7.19 
11.3 
4.35 
3 . 4 1  
2.96 
2.47 
18.3 
19.8 
24.6 
17.5 
2.55 
3 .02  
3.48 
1.70 
15 .3  
16.2 
1 2 . 1  
12.0 
5.13 
5.65 

13 0.43 2.4 
15  0.39 2.0 
12  0 .39 1.7 
10 0 .31  1.6 
13 0 .41  3 . 4  
12  0.38 2 .7  
9 0.46  2.5 
6 0.49  2.6 

15 _ _ _ _  1 . 9  
19 “” 1.3 
11 0.31  --- 
13 _ _ _ _  _ _ _  
22 0.47 --- 
20 0.25 --- 
16 0.28 --- 
23 _ _  _ _  _ _ _  
10 0.42  --- 
9 0.35 --- 

7.5  0.36 --- 
15 __-_ _ _ _  
17  0.35 --- 
16  0.34 --- 
22 0.26 --- 
22 “” ”- 

12 0.39 --- 
12 0.31 --- 

730 
740 
7 50 
780 
910 
830 
83 0 
780 
”- 

“- 

”- 

”- 

”- 

”_ 

720 120 
720 52 
730 38 
740 4 1  
850 92 
780 66 
770 5 1  
730 58 

19 
27 
51 
11 

240 
190 
140 
150 
32 
23 
54 
18 

160 
98 

170 
100 

36 
42 

-” 

_” 

”- 

”_ 

”- 

”- 

”- 

”- 

”- 

”- 

_” 

_” 

-” 

”- 

_” 

”- 

”- 

-” 

180 
79 
58 
62 

140 
100 
77 
88 
29 
4 1  

150 
33 
63 
48 
37 
38 

120 
89 

210 
69 
61 
38 
65 
39 
59 
64 

See  Table ‘15 for   appl icable   footnotes .  



TABLE 18. POWR  DISTRIBUTION FOR RADIATOR COOLANT PUMP  (NAK) 
( D e s i g n   P o i n t ;   A n n u l a r   I n d u c t i o n   A p p l i c a t i o n ;   2 0 0  ~ p s ) ~  

Item 
Kw 

P e r c e n t  
I n p u t  

Pump Output   0 .66  12 

S ta to r   Wind ing   Loss  0 .81   15  

Secondary   (F lu id )  Loss 1.71 32 

I r o n  Loss 0.3 6 

Duct  Wall Loss ( 0 . 0 2 5   i n . )  1 . 2 3  23 

S t a t o r  Can Loss 0.45 8 

H y d r a u l i c  Loss 

T o t a l  Power  Input 

0.2 

5.36 

4 

100 

" - - - - 
a 

. -  

S e e   d e s i g n  3, Table  17. 
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d e p t h  0.15 i n .   I n   t h e   i l l u s t r a t i o n ,   t h e  core i s  d e p i c t e d  as  c o m p r i s i n g  
a n   a s s e m b l y   o f   a x i a l l y   o r i e n t e d   s q u a r e  wires o f   c o b a l t - i r o n   a l l o y .  
A l t e r n a t i v e l y ,   l a m i n a t i o n s ,   w h i c h  are o r i e n t e d   w i t h   t h e   p l a n e s   c o n t a i n i n g  
t h e  major d i m e n s i o n s   p a s s i n g   t h r o u g h ,  or n e a r ,   t h e   a x i s  of t h e  pump, can  
be   u sed .   Core  material a n d   i n t e r l a m i n a r   i n s u l a t i o n   r e q u i r e m e n t s  are t h e  
same as t h o s e   d i s c u s s e d   i n   S e c t i o n  V . B . l .  T h e   i n n e r   d u c t   c y l i n d e r   a n d  
core assembly are s u b j e c t  t o  a x i a l  forces t r a n s m i t t e d  from t h e   f l u i d ,  
a x i a l   f o r c e s   c a u s e d  b y   e d d y   c u r r e n t s   i n   t h e   c y l i n d e r  w a l l s ,  a n d   r a d i a l  
m a g n e t i c   f o r c e s   p r o p o r t i o n a l  t o  t h e   r a d i a l   o f f s e t  of the   assembly   f rom 
t h e   c e n t r a l   p o s i t i o n   i n   t h e  s t a t o r  b o r e .  A l l  t h e s e   f o r c e s  are modest .  
T h e   p o s i t i o n i n g   m e a n s   i l l u s t r a t e d   i n   F i g u r e  79 p r o v i d e s  a x i a l  f l e x i b i l i t y  
t o  avo id   h igh  stresses caused  by d i f f e r e n t i a l   e x p a n s i o n .   T h e  pump d u c t  
assembly i s  no t   connec ted   mechan ica l ly  t o  t h e  s t a t o r  a s s e m b l y   s i n c e  
per formance  i s  n o t   a f f e c t e d  by small c h a n g e s   i n   t h e   a x i a l   p o s i t i o n   o f   t h e  
duc t   a s sembly .  

The s t a t o r  a s s e m b l y   c o m p r i s e s   t h e   c o o l i n g   j a c k e t   o n   t h e   r a d i a l   p e r i p h e r y  
o f   t h e   f r a m e ,   t h e   f r a m e ,   t h e  s t a t o r  l a m i n a t i o n s ,   t h e   s t a t o r   w i n d i n g ,   a n d  
t h e   s t a t o r   c a n .   T h e   c o o l i n g   j a c k e t   i l l u s t r a t e d   p e r m i t s   p a s s i n g   t h e   6 0 0  O F  

N a K  c o o l a n t  across t h e   e n t i r e   r a d i a l   p e r i p h e r y  of t h e   f r a m e .   O b v i o u s l y ,  
o t h e r   a r r a n g e m e n t s ,   s u c h  as t h e   c o o l i n g  c o i l s  i l l u s t r a t e d   i n   t h e   p r e c e d i n g  
s e c t i o n ,  are p o s s i b l e .   T h e   c a l c u l a t e d   h e a t   f l o w  t o  t h e   c o o l a n t  i s  1 . 7  kw 
a n d ,   h e n c e ,  a f low  o f  2  gpm w i l l  g i v e  a c o o l a n t   t e m p e r a t u r e  r ise of 
a p p r o x i m a t e l y  35 O F .  The s t a t o r  frame s e r v e s   p r i n c i p a l l y  t o  s u p p o r t   t h e  
c o o l i n g   j a c k e t   a n d   t h e  s ta tor  c a n .  For c o m p a t i b i l i t y   w i t h   t h e  s t a t o r  can 
a n d   t h e   c o o l a n t ,   a u s t e n i t i c   s t a i n l e s s  s teel  is s e l e c t e d   f o r   t h e  frame. 
C o n s i d e r a t i o n s   g o v e r n i n g   t h e   c h o i c e  of s ta tor  l a m i n a t i o n s ,   i n t e r l a m i n a r  
i n s u l a t i o n ,   a n d   d i e l e c t r i c   g a s   i n   t h e  s t a t o r  wind ing   r eg ion  are similar t o  
t h o s e   d i s c u s s e d   i n   S e c t i o n  V . B . l ,  a n d   t h e   c h o i c e s  are i d e n t i c a l .  

The s t a t o r  winding  i s  s i x   p o l e ,   t h r e e   p h a s e ,   o n e   c o i l   s i d e   p e r  s l o t ,  
two s lo t s  p e r   p h a s e   p e r   p o l e .   T h e   c o i l s  are t o r o i d a l   i n   f o r m   w i t h   e i g h t e e n  
t u r n s   p e r   c o i l .   E a c h   t u r n   c o n s i s t s   o f   o n e   s t r a n d   o f   r e c t a n g u l a r  wire 0 . 0 7 5  
i n .  by 0 . 1 3 5   i n   i n   c r o s s   s e c t i o n .   G r o u n d   i n s u l a t i o n   a n d   t u r n - t o - t u r n  
i n s u l a t i o n   a r e   0 . 0 2 5   i n .   a n d   0 . 0 0 5   i n .   t h i c k ,   r e s p e c t i v e l y .   W i n d i n g s  are  
assumed t o  b e   c o p p e r   w i t h  a r e s i s t i v i t y   o f   1 . 7 5   v - o h m - i n .  a t  750 O F .  Winding 
i n t e r c o n n e c t i o n s  are made a t  t h e   o u t s i d e   d i a m e t e r  of t h e  c o i l s .  When t h e  
windings  are  wye c o n n e c t e d ,   o n e   c i r c u i t   p e r   p h a s e ,  a l i n e   v o l t a g e  of  152 
v o l t s   a n d  a l i n e   c u r r e n t   o f   5 6  amp are r e q u i r e d   f o r   t h e   d e s i g n   p o i n t   r a t i n g .  
The   vo l t age   and   cu r ren t   combina t ion  may be  changed by changing  the  number  of  
t u r n s   p e r  c o i l  a n d   t h e   c o n n e c t i o n   a r r a n g e m e n t .   S e c t i o n s  1II.D and V . A  
d i s c u s s   e l e c t r i c a l   c o n d u c t o r s ,  e lec t r ica l  i n s u l a t i o n ,   m a g n e t i c  materials,  and 
d i e l e c t r i c   g a s e s   f u r t h e r .   T h e  s t a t o r  c a n   p a s s e s   t h r o u g h   t h e   m a g n e t i c   f i e l d  
i n   t h e   s t a t o r   b o r e   a n d ,   h e n c e ,   e x p e r i e n c e s  loss caused   by   eddy   cu r ren t s .  
A u s t e n i t i c   s t a i n l e s s  s tee l  0.015 i n .   t h i c k  i s  chosen for t h e   s t a t o r   c a n .  Power 
i s  s u p p l i e d  t o  the   w ind ings   t h rough  ceramic t o  metal seals i n   t h e   s t a t o r   e n v e l o p e .  

T h e r m a l   i n s u l a t j o n   w i t h   t h e  same c o n s t r u c t i o n   a n d   t h i c k n e s s   d e s c r i b e d  
i n   S e c t i o n  V . B . l  i s  l o c a t e d   i n   t h e   s p a c e   b e t w e e n   t h e   d u c t   o u t s i d e   d i a m e t e r  
a n d   t h e   s t a t o r   c a n .   T h e   f l u i d   v e l o c i t y   i n   t h e   d u c t  i s  40 f t / s e c .   T h e   d e s i g n  
p o i n t   s u c t i o n   p r e s s u r e  of 30 p s i a  i s  s u f f i c i e n t   t o   p r e v e n t   c a v i t a t i o n .  
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T a b l e  18 g i v e s   t h e   l o s s   d i s t r i b u t i o n .   T h e   r e s i s t i v e  loss i n   t h e  NaK 
pumped i s  the   p redominan t  loss; d u c t   w a l l   l o s s   a n d   s t a t o r   w i n d i n g   l o s s  
a r e   n e x t   i n   m a g n i t u d e .   T h e   p e r f o r m a n c e   c u r v e s  shown i n   F i g u r e   8 0   a r e  
s i m i l a r   t o   t h o s e  for t h e   c o n d e n s a t e   b o o s t  pump d i s c u s s e d   i n   S e c t i o n  
V . B . l .  

2 .   H e l i c a l   I n d u c t i o n  Pump. Des igns  5 th rough  8 i n   T a b l e   1 7   a r e  
h e l i c a l   i n d u c t i o n  pump d e s i g n s   f o r  50, 100, 200 ,   and   400   cps ,   respec t ive ly .  
Pump e f f i c i e n c y  i s  b e s t   f o r   t h e   5 0   c p s   d e s i g n ;  i t  d e c r e a s e s   w i t h   i n c r e a s i n g  
f r equency   fo r   t he   100 ,   200 ,   and   400   cps   des igns .  Pump weight i s  a minimum 
for t h e  200   cps   des ign .   The  100 c p s   d e s i g n ,   l i n e   6 ,   o f f e r s   t h e   b e s t  
combina t ion   o f   e f f i c i ency   and   we igh t .   Layou t s   have   no t   been  made f o r   t h e s e  
des igns .   As ide   f rom  d imens iona l   changes ,   however ,   t he   gene ra l   a r r angemen t s ,  
m a t e r i a l s   c h o i c e s ,  power d i s p o s i t i o n ,   a n d   p e r f o r m a n c e   c h a r a c t e r i s t i c  
c u r v e s   a r e   s i m i l a r   t o   t h o s e   c i t e d   i n   S e c t i o n  V . B . l ,  F i g u r e s  76 and 77, 
and  Table   16.  

3 .  DC Conduction Pump. Des igns  9 and   10   i n   Tab le   17   a r e   uncompensa ted  
series e x c i t e d   d c   c o n d u c t i o n  pump des igns .   Des ign  9 i s  l i g h t   w e i g h t   w i t h  
r e l a t i v e l y  low e f f i c i e n c y ,   w h i l e   d e s i g n   1 0  i s  h e a v i e r   w i t h   h i g h e r   e f f i c i e n c y .  
Evalua ted   on  a 10 l b s / k w   i n p u t   b a s i s ,   t h e y   a p p e a r   t o   b e   a b o u t   e q u a l l y  
a t t r a c t i v e .   T h e s e   d e s i g n s   i l l u s t r a t e   t h e   t r a d e - o f f   r e l a t i o n s h i p   f o r   w e i g h t  
a n d   e f f i c i e n c y .  

A l ayou t   has   no t   been  made f o r  a dc   conduc t ion  pump f o r   t h i s   r a t i n g .  
Bo th   des igns  9 a n d   1 0 ,   T a b l e   1 7 ,   h o w e v e r ,   h a v e   1 - 1 / 2   t u r n s   i n   t h e   e x c i t i n g  
winding   and   have   the   same  genera l   a r rangement   and   mater ia l s   as   those  
i l l u s t r a t e d   i n   F i g u r e   7 8  a n d   d e s c r i b e d   i n   S e c t i o n  V . B . l .  T h e   c a l c u l a t e d  
t e r m i n a l   v o l t a g e   a n d   c u r r e n t   c o m b i n a t i o n   f o r   t h e   d e s i g n s   a r e   0 . 6 9   v o l t -  
6290 amp, and   0 .7   vo l t -4863 amp, r e s p e c t i v e l y .  

b .  Pump Requi rement   Parameter   Range .   Per formance   for  EM pumps des igned  
f o r   v a r i o u s   r a t i n g s   o v e r   t h e   s t u d y   r a n g e   ( T a b l e  14)  i s  shown i n   T a b l e   1 7 ,  
d e s i g n s  11 t h r o u g h   2 6 .   F o r   e a c h   s p e c i f i c   p r e s s u r e   f l o w   c o m b i n a t i o n ,   d e s i g n s  
were made f o r  a dc   conduc t ion  pump a n d   e i t h e r   h e l i c a l  o r  a n n u l a r ,  or b o t h ,  
i n d u c t i o n  pumps.  For  most r a t i n g s ,   d e s i g n s  were made f o r  more  than  one 
f r e q u e n c y .   D e t a i l e d   c o m p a r i s o n s   o f   p e r f o r m a n c e   a n d   t h e   e f f e c t   o f   c h a n g e s   i n  
r a t i n g s   a r e   b e s t   d e r i v e d   d i r e c t l y   f r o m   T a b l e   1 7 .  A s  e x p e c t e d ,   d e s i g n s  for 
l a r g e r   r a t i n g s   h a v e   h i g h e r   e f f i c i e n c y   a n d   l o w e r   s p e c i f i c   w e i g h t   t h a n   t h o s e  
f o r   s m a l l e r   r a t i n g s .  Power f a c t o r   v a r i e s  l i t t l e  f o r   t h e   v a r i o u s   i n d u c t i o n  
pump des igns   fo r   wh ich   pe r fo rmance  i s  t a b u l a t e d .  

T h e   l o w e s t   v a l u e   o f   s u c t i o n   p r e s s u r e   s p e c i f i e d   i n   t h e   s t u d y   r a n g e  i s  
20 p s i a .  A t  1300 O F ,  t h e   v a p o r   p r e s s u r e   o f  NaK i s  6 . 5   p s i   a n d ,   h e n c e ,   t h e  
s u c t i o n   p r e s s u r e   e x c e e d s   t h e   v a p o r   p r e s s u r e  by 1 3 . 5   p s i ,  or 4 4 . 3   f t .  Assuming 
t h a t   t h e   v e l o c i t y   h e a d   a t   t h e   d u c t   i n l e t   s h o u l d   n o t   e x c e e d   o n e   h a l f   t h i s   h e a d ,  
22.2 f t ,   i n l e t   d u c t   v e l o c i t y  i s  l i m i t e d   t o   2 6 . 7   f t / s e c .   A l t h o u g h   t h i s  i s  
somewhat less t h a n  some d u c t   v e l o c i t i e s   l i s t e d   i n   T a b l e  17, i t  i s  s u f f i c i e n t l y  
c l o s e   t h a t   t h e   d u c t   v e l o c i t y   c o u l d   b e   r e d u c e d   t o   t h i s   v a l u e   w i t h  l i t t l e  change 
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i n   w e i g h t   a n d   p e r f o r m a n c e .  As i l l u s t r a t e d  by d e s i g n s ,  3 25 and 26 t h e  
e f f e c t  of c h a n g e s   i n  NaK t e m p e r a t u r e  on pump performance  and  weight   over  
t h e   s p e c i f i e d   s t u d y   r a n g e  i s  s l i g h t .   L a y o u t s   h a v e   n o t   b e e n  made f o r   t h e s e  
d e s i g n s .   I n   g e n e r a l   a r r a n g e m e n t   a n d   m a t e r i a l s   c h o i c e ,  pumps f o r   t h e s e  
r a t i n g s  wou ld   be   qu i t e  similar t o  pumps o f   t h e  same type   which   have   been  
i l l u s t r a t e d  and   descr ibed .  

3. Radia to r   Coo lan t  Pump: Li th ium 

a .   D e s c r i p t i o n   o f  Pump Des igns ,   I )es ign   Poin t .  

1. H e l i c a l   I n d u c t i o n  Pump. Of t h e   i n d u c t i o n  pump a p p l i c a t i o n s ,   t h e  
h e l i c a l   i n d u c t i o n  pump i s  b e s t   s u i t e d   t o   t h e   d e s i g n   p o i n t   p r e s s u r e   f l o w  
c o m b i n a t i o n   f o r   t h i s   a p p l i c a t i o n .   A c c o r d i n g l y ,   d e s i g n s  1 th rough  4 ,  T a b l e  
19, a r e   h e l i c a l   i n d u c t i o n  pump des igns   for   100 ,   150 ,   200 ,   and  400 c p s  
f r e q u e n c i e s .  A compar i son   o f   pe r fo rmance   cha rac t e r i s t i c s   and   we igh t   fo r  
t h e s e   d e s i g n s  shows t h a t   b o t h  pump w e i g h t   a n d   e f f i c i e n c y   d e c r e a s e   w i t h  
i n c r e a s i n g   f r e q u e n c y .  On a w e i g h t   b a s i s ,   a l l o w i n g   1 0   l b s / k w ,   t h e  100, 150, 
a n d   2 0 0   c p s   d e s i g n s   a r e   e q u i v a l e n t ;   t h e  400 cps   des ign ,   however ,   because  
of low e f f i c i e n c y ,  i s  d e f i n i t e l y   i n f e r i o r .   T a b l e  20  and  Figure 81 show 
t h e   d i s t r i b u t i o n  of l o s s e s   a n d   t h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s   c u r v e s ,  
r e s p e c t i v e l y ,   f o r   d e s i g n  1, T a b l e  19. A layout   has   no t   been  made f o r   t h i s  
d e s i g n ,   I n   g e n e r a l   a r r a n g e m e n t ,   a p p r o x i m a t e   s i z e ,   a n d   m a t e r i a l s   c h o i c e  
( e x c e p t   t h e   d u c t   m a t e r i a l ) ,  i t  i s  v e r y   s i m i l a r   t o   t h e   c o n d e n s a t e   b o o s t  pump 
i l l u s t r a t e d   i n   F i g u r e   7 6  

T h e   d u c t   m a t e r i a l  i s  Cb-1Zr .   Outer   and   inner   duc t   cy l inders   have   d iameters  
of 2 . 6 5   i n .   a n d   1 . 7   i n . ,   r e s p e c t i v e l y .   D u c t   w a l l   t h i c k n e s s e s   a r e   0 . 0 2 5   i n . ,  
a n d   t h e   a x i a l   t h i c k n e s s   o f   t h e  members s e p a r a t i n g   t h e   h e l i c a l   f l o w   p a s s a g e s  
i s  0.02 i n .  T h e   t w o   f l o w   p a s s a g e s ,   h y d r a u l i c a l l y   i n   p a r a l l e l ,   a r e   s q u a r e  
i n   c r o s s   s e c t i o n   w i t h  a s i d e   w i d t h   o f  0.44 i n .  The   i nne r   co re   and   t he  
s t a t o r   a s s e m b l y   a r e   s i m i l a r   t o   t h o s e   d e t a i l e d   i n   S e c t i o n  V . B . l .  Var ious  
c o m b i n a t i o n s   o f   l i n e   c u r r e n t   a n d   v o l t a g e ,   c o n s i s t e n t   w i t h   t h e   p o w e r   i n p u t  
and  power f a c t o r   i n d i c a t e d   f o r   d e s i g n  1, Tab le   19 ,  may be   ach ieved  by 
p r o p e r   s e l e c t i o n   o f   t h e   t u r n s  p e r  c o i l  a n d   t h e   w i n d i n g   i n t e r c o n n e c t i o n .  
A l t h o u g h   t h e   d e t a i l e d   p r o p e r t i e s   o f   t h e   e l e c t r i c a l   i n s u l a t i o n  will impose 
some r e s t r i c t i o n ,  i t  i s  a n t i c i p a t e d   t h a t   l i n e   v o l t a g e s   u p   t o  100 v o l t s  or 
so may b e   u s e d   w i t h o u t   i n c u r r i n g  a s i g n i f i c a n t   p e n a l t y   i n  pump weight or 
performance .  

T h e   l o s s   d i s t r i b u t i o n  i s  g i v e n   i n   T a b l e  2 0 .   T h e   p r i n c i p a l   l o s s e s   o c c u r  
i n   t h e   s t a t o r   w i n d i n g s   a n d   a s  res i s t ive  l o s s   i n   t h e   l i t h i u m .   A l t h o u g h   t h e  
d u c t   r e s i s t i v i t y  i s  q u i t e  low,  duct loss h a s   b e e n   k e p t   a t  a r e l a t i v e l y  low 
v a l u e .   T h i s  i s  l a r g e l y   a t t r i b u t a b l e   t o   t h e  low r e s i s t i v i t y   o f   l i t h i u m .  
Potass ium or NaK pumps wi th   co lumbium  duc ts   would   t end   to   have   cons iderably  
h i g h e r   p e r   u n i t   d u c t  loss.  The s p e c i f i e d   s u c t i o n   p r e s s u r e   o f  30 p s i a  i s  
s u f f i c i e n t   t o   a v o i d   c a v i t a t i o n   a t   t h e   d u c t   v e l o c i t i e s   u s e d .   T h e   c h a r a c t e r i s t i c s  
cu rves  shown i n   F i g u r e  81 a r e   s i m i l a r   t o   t h o s e   d i s c u s s e d   i n   S e c t i o n  V . B . l .  
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TABLE 19. CHARACTERISTICS OF SELECTED EM PUMP DESIGNS 
I11 Turboelectric  Radiator  Coolant:  Lithium 

V I  Thermionic Radiator  Coolant:  Lithium 

Selected  Characteristics a Resultant  Characteristics 

Fluid  Press.  Fluid Power  Power  Power Cooling Winding Pump 
Design Pump Temp., Flow, Rise, Vel., Freq., Output, Input, E f f . ,  PF, Load, Temp., OF W t . ,  Sp. W t . ,  
No. TypeC O F  gpm ps i  f t / s ec  cps 1 1  kw kw % % kw Max. Av. l b s  lbs/kw e 

2 
3 

w I 4 ":' 
N 5  Dc 
' f 6  H I  

7 DC 
8 AI 

1: 3. 
11 A I  
12 DC 
13 H I  
14 DC 
15 HI 
16 H I  
17 DC 
18 HI 1 

15 
180 

20 

I 

25 100 
29 150 
28  200 
33  4 00 
20 
27 200 
22 
30  50 
38 100 
44 200 
33 100 
24 

"_ 
"_ 

"_ j/ 
31 10 25  200 

10 22 "_ 
25 100 

200 
24 

0 30 20  28 200 

J y 34 "_ 
19 HI 1500  32 20  29  200 

0.27 I 
1 

0.13 
0.13 
1 .6  

0.13 
0.13 
0.80 

1 
0.26 
0.28 

2 . 1  13 
2.4 11 
2 .5  11 
3 . 8  7 
1.8 15 
1 . 2  11 
1 . 2  11 
7 .5  22 
8 .5  19 
9 .8  16 
9 .8  16 
7 .5  22 
1.6 8 . 5  
1.1 1 2  
4.0 20 
4 .9  16 
4 . 7  17 
2.6 10 
2 . 5  11 

0.55 
0.53 
0.53 
0.47 
"" 

0.38 
"" 

0.53 
0.47 
0.38 
0.59 
"" 

0.33 
"" 

0.27 
0.50 
"" 

0.54 
0.52 

1 .6  
1 .5  
1 .5  
1 . 5  
0.8 "_ 
-" "_ 
_" "_ "_ 
"_ "_ "_ "_ "_ "_ "_ "_ 

780 740 
790 750 
770 730 
760 720 "_ "_ 
-" "_ "_ "_ "_ "_ "_ "_ "_ -" "_ "_ "_ "_ 
"- "_ "_ "_ "_ "_ "_  "_ "_ "_ "_ "_ "_ "_ 

33  120 
29 110 
28  110 
26 98 
13  49 
18  120 
7  45 

98 61 
58  36 
56 35 
78 49 
70 44 
21  160 

8  60 
59 74 
47 59 
34  43 
27  100 
29 110 

I 

*Optimum Design.  See  Tables 27 and 30. 

See  Table 1 5  for  applicable  footnotes. 



TABLE 20. POWER DISTRIBUTION FOR RADIATOR  COOLANT  PUMP  (LITHIUM) 
(Design  Point;  Helical  Induction  Application;  100 ~ p s ) ~  

I tern 
Design  Point  Data 

Percent 
Kw Input 

Pump Output 0.27 

Stator  Winding Loss 0.70 

Secondary  (Fluid) LOSS 0.65 

Iron Loss 0.15 

Duct Wall Loss (0.025 in.) 0.22 

Stator  Can Loss 0.03 

Hydraulic Loss 0.08 

Total Power Input 2.10 

- 

13 

33 

31 

7 

11 

1 

- 4 

100 

a 
See design I, Table 19. 
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2. DC Conduction  Pumps.  Design 5,  T a b l e  19, i s  a series e x c i t e d   d c  
conduc t ion  pump f o r   t h e   d e s i g n   p o i n t   r a t i n g .  A l a y o u t   h a s   n o t   b e e n  made 
f o r   t h i s   d e s i g n ,   b u t ,   i n   g e n e r a l   a r r a n g e m e n t   a n d  materials c h o i c e s   ( e x c e p t  
t h e   d u c t  material ,  which i s  Cb-lZr),  i t  i s  similar t o  t h e   d e s i g n   d e s c r i b e d  
i n   S e c t i o n  V . B . l  a n d   i l l u s t r a t e d   i n   F i g u r e  78. T h e   c a l c u l a t e d   t e r m i n a l  
v o l t a g e   a n d   c u r r e n t   f o r   t h i s   d e s i g n  are 0 .44   vo l t   and   4 ,086  amp. 

b .  Pump Requi rement   Parameter   Range .   Per formance   for  EM pumps d e s i g n e d  
f o r   v a r i o u s   r a t i n g s   o v e r   t h e   s t u d y   r a n g e   ( T a b l e   1 4 )  i s  shown i n   T a b l e  19, 
d e s i g n s  6 th rough  19. F o r   e a c h   s p e c i f i c   p r e s s u r e   f l o w   c o m b i n a t i o n ,   d e s i g n s  
were made f o r  a d c   c o n d u c t i o n  pump a n d   e i t h e r   h e l i c a l  or a n n u l a r   i n d u c t i o n  
pumps. I n  some cases, i n d u c t i o n  pump d e s i g n s  were made f o r  more t h a n   o n e  
f r e q u e n c y .   F o r   t h e   c o n f i g u r a t i o n   c o m b i n i n g   d e s i g n   p o i n t   p r e s s u r e   a n d  
maximum f l o w   r e q u i r e m e n t ,   a n n u l a r   i n d u c t i o n  pumps were d e s i g n e d   b o t h  for  
a s t r a i g h t - t h r o u g h   d u c t   c o n f i g u r a t i o n ,   i l l u s t r a t e d   i n   F i g u r e  79, a n d ,   s i n c e  
i t  o f f e r s   s e v e r a l   a t t r a c t i v e   f e a t u r e s ,  a r e v e r s e   f l o w   c o n f i g u r a t i o n ,  
i l l u s t r a t e d   i n   F i g u r e  82.  T h i s  l a t t e r  c o n f i g u r a t i o n  i s  d e s i g n  11, T a b l e   1 9  
P e r h a p s   t h e  most a t t r a c t i v e   a s p e c t   o f   t h i s   d e s i g n  i s  t h e   f a c t   t h a t   t h e  
pump d u c t  may b e   c o m p l e t e l y   i s o l a t e d   f r o m   p i p e   r e a c t i o n s   t r a n s m i t t e d   f r o m  
t h e   r a d i a t o r   c o o l a n t   l o o p ,   t h u s   i m p r o v i n g   r e l i a b i l i t y   a n d   s i m p l i f y i n g  
loop   a r r angemen t .  

D e t a i l e d   c o m p a r i s o n s   o f   p e r f o r m a n c e   a n d   t h e   a f f e c t   o f   c h a n g e s   i n   r a t i n g s  
a r e   b e s t  made d i r e c t l y   f r o m   T a b l e  19. A s  e x p e c t e d ,   d e s i g n s   f o r   l a r g e r  
r a t i n g s   h a v e   h i g h e r   e f f i c i e n c y   a n d  lower s p e c i f i c   w e i g h t   t h a n   d e s i g n s  for  
smaller r a t i n g s .  Power f a c t o r   v a r i e s  l i t t l e  f o r   t h e   v a r i o u s   i n d u c t i o n  pump 
d e s i g n s .   T h e  lowest v a l u e   o f   s u c t i o n   p r e s s u r e   s p e c i f i e d  i s  2 0   p s i a .   T h i s  
i s  s u f f i c i e n t   t o   a v o i d   c a v i t a t i o n   f o r  a l l  t h e   d e s i g n s   t a b u l a t e d .  A s  i n d i c a t e d  
by d e s i g n s  3 ,  18, and   19 ,   Tab le  19,  t h e   e f f e c t   o f   l i t h i u m   t e m p e r a t u r e   o n  
pump p e r f o r m a n c e   a n d   w e i g h t   o v e r   t h e   s p e c i f i e d   s t u d y   r a n g e  i s  s l i g h t .  

S i n c e   t h e   h e l i c a l   i n d u c t i o n ,   a n n u l a r   i n d u c t i o n ,   a n d   d c   c o n d u c t i o n  pump 
d e s i g n s   r e p o r t e d   i n   t h i s   s e c t i o n  are  s i m i l a r   i n   g e n e r a l   a r r a n g e m e n t   a n d  
f e a t u r e s   t o   t h o s e d e s c r i b e d   a n d   i l l u s t r a t e d   i n   p r e c e d i n g   s e c t i o n s   o f   t h i s  
r e p o r t ,   l a y o u t s   f o r   t h e s e   d e s i g n s   h a v e   n o t   b e e n  made. F i g u r e   8 2   d o e s  show 
t h e   a n n u l a r   i n d u c t i o n  pump w i t h   r e v e r s e   f l o w ,   w h i c h   h a s   n o t   b e e n   i l l u s t r a t e d  
p r e v i o u s l y .   E x c e p t   f o r   t h e   r e v e r s e   f l o w   f e a t u r e   a n d   t h e  Cb-1Zr d u c t ,   t h i s  
d e s i g n  i s  similar i n   a r r a n g e m e n t   a n d   m a t e r i a l s   c h o i c e s  t o  t h e   a n n u l a r  
i n d u c t i o n  pump d e s i g n   d e s c r i b e d   i n   S e c t i o n  V.B.2. 

4 .   P r imary   Coo lan t  Pump: Li th ium 

a .  D e s c r i p t i o n  of Pump Des igns ,   Des ign   Po in t .   Des igns  were made f o r  
f l a t   i n d u c t i o n  pumps, a n n u l a r   i n d u c t i o n  pumps, s i n g l e   p h a s e   i n d u c t i o n  pumps, 
and   dc   conduc t ion  pumps f o r   t h e   d e s i g n   p o i n t   r a t i n g .   P e r f o r m a n c e   a n d   w e i g h t  
f o r   s e v e r a l   s u c h   d e s i g n s  are  i n d i c a t e d   i n   T a b l e  21, d e s i g n s  1 t h rough  8. 
The   dc   conduc t ion  pump s h o w s   b o t h   t h e   h i g h e s t   e f f i c i e n c y   a n d   t h e  lowest 
weight .   The  pump o u t p u t  power f o r   t h i s   a p p l i c a t i o n  i s  g r e a t e r   t h a n   t h a t  
f o r   t h e   o t h e r   a p p l i c a t i o n s ,   h e n c e   h i g h e r   e f f i c i e n c y   a n d  lower s p e c i f i c   w e i g h t  

-131- 



TABLE 21. CHARACTERISTICS  OF  SELECTED EM PUMP  DESIGNS 
I V  Thermionic  Primary  Coolant:  Lithium 

- .  - .  

Selected  Character is t icsa  

Fluid  Press.   Fluid Power 
Design Pumpc Temp., Flow, Rise, Vel.,  Freq., 

No. Type OF gpm p s i  f t / s ec  cps 

1 
2 
3 
4* 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

AI 

I 
V 
SPI 
DC 
AI 
DC 
AI 
AI 
FI 
DC 
AI 
AI 
DC 
AI 
FI 
DC 
FI 
FI 

0 t i  '01 

I 

i 1 
i 
I 
i 
I '/ 

1200 
2000 

640 

560 1 
6 I  610 

560 

321 
660 

6 25 
30 
31 
25 
29 
36 
20 
26 
25 
26 
37 
46 
30 

v 42 
3 25 

26 
27 

50 55 
4 1  1 37 

6 29 
6 32 

50 
100 
200 
50 

100 
200 

20 "_ 
50 

"- 
50 

100 
100 
"- 

50 
100 
"- 
100 
100 
"_ 
100 
100 

*Optimum design.  See  Table 28. 

See  Table  15fOr  applicable  footnotes. 

Resul tant   Character is t ics  

Power  Power Cooling Winding Pump 
Output,   Input,   Eff. .  PF, Load, Temp., OF W t . ,  Sp. Wt., 

kwd kw % % kw Max. Av. l b s  lbs/kw e 

1 . 7  

i 
I 

1 
i 
JI 
1 . 5  
1 . 5  
8 .4  

i 
0.84 

\1 
1 
14 

1 . 6  
1 . 7  

14  
1 4  
17 
10 
14 
22 
16 
10 
9 . 9  
9 . 5  
59 
83 
60 
53 
7 . 1  
11 
6 . 6  
62 
55 
56 
14  
15 

12 
12 
10 
16 
1 2  
8 

11 
16 
15 
15 
14 
10 
14 
16 
12 
7 . 5  
13 
23 
26 
25 
12 
12 

0.49 
0.51 
0.40 
0.39 
0.33 
0.23 
0 .62  

0.36 
"" 

"" 

0.25 
0.18 
0.43 
"" 

0.39 
0.22 
"" 

0.50 
0.37 
"" 

0.55 
0.49 

9.9 
7 . 7  
8 . 6  
5.0 
5 . 1  
6 . 0  
2.Of 
4.8 
"- 
"- 
"- 
"- 
_" 
"- 
"- 
"- 
_" 
"- 
"- 
"- 
"- 
"- 

910 
83 0 
800 
750 
800 
780 _" 
"- 
"- 
"- 
"- 
"- "_ 
"- 
"- 
"- 
"- 
"- 
"- 
"- 
"- 
"- 

830 
780 
740 
740 
790 
770 
"- 
"- 
"- 
"- 
"- 
"- 
_" _" 
"- 
"- 
"- "_ 
"- "_ 
"- "_ 

270 
210 
220 
160 
130 
150 
230 
110 
140 
100 
510 
800 
830 
460 
120 
120 
75 

250 
460 
300 
200 
210 

160 
120 
130 

94 
77 
86 
94 
64 
94 
68 
61 
96 
99 
55 

140 
140 
89 
18 
33 
2a 

120 
120 



I 

m i g h t   b e   a n t i c i p a t e d .   T h e   v e r y  l o w  p r e s s u r e ,  6 p s i ,   r e q u i r e d  for  t h e   s t u d y  
a p p l i c a t i o n   a n d   t h e   h i g h   f l u i d   t e m p e r a t u r e ,  1700 O F ,  however ,   p revent  
a t t a i n i n g   t h e s e   o b j e c t i v e s .  

1. F l a t   L i n e a r   I n d u c t i o n  Pump. F l a t   i n d u c t i o n  pumps, w i t h  a l l  
m a g n e t i c   p a F t s   r e a d i l y   a c c e s s i b l e   f o r   c o o l i n g ,  are p a r t i c u l a r l y  w e l l  s u i t e d  
t o  t h i s   a p p l i c a t i o n   w h e r e   t h e   f l u i d   t e m p . e r a t u r e  i s  v e r y  close t o  t h e   C u r i e  
p o i n t  of t h e   a v a i l a b l e   m a g n e t i c  materials. Des igns  1, 2 ,  and 3 ,  T a b l e   2 1 ,  
are f l a t   i n d u c t i o n  pumps d e s i g n e d   f o r  50,  100, a n d   2 0 0   c p s ,   r e s p e c t i v e l y .  
Pump we igh t  i s  lowest f o r  t h e  100 c p s   d e s i g n .  Pump e f f i c i e n c y ,   w h i c h  
d e c r e a s e s   w i t h   i n c r e a s i n g   f r e q u e n c y ,  i s  b e s t  f o r  t h e  50 c p s   d e s i g n .   T h e  
b e s t   c o m b i n a t i o n  of e f f i c i e n c y   a n d   w e i g h t  i s  a t  100 c p s .   T h i s   d e s i g n  i s  
i l l u s t r a t e d   i n   F i g u r e  83. T h e   p o w e r   d i s t r i b u t i o n  i s  shown i n   T a b l e   2 2 ,  
a n d   t h e   p e r f o r m a n c e   c u r v e s  are shown i n   F i g u r e  84. 

T h e   d u c t  i s  Cb-1Zr.  The d u c t   a s s e m b l y   c o n s i s t s   o f  a pumping s e c t i o n  
o f   r e c t a n g u l a r  cross s e c t i o n ,   m e a s u r i n g   a p p r o x i m a t e l y  0 .75  i n .  by 9 i n .   b y  
2 2   i n .   l o n g ,   a n d   f l o w   t r a n s i t i o n   s e c t i o n s  are o f f s e t   c o n e s .   I n   t h e   i n l e t  
t r a n s i t i o n   s e c t i o n ,   f l o w   e n t e r s  a t  t h e   c i r c u l a r   b a s e   o f   t h e   c o n e ,  makes a 
90' t u r n ,   a n d   e n t e r s   t h e   p u m p i n g   s e c t i o n   t h r o u g h   a n   o p e n i n g   a l o n g   o n e   s i d e  
of t h e   c o n e .   T h e   o u t l e t   t r a n s i t i o n   s e c t i o n  i s  i d e n t i c a l ,   b u t ,   w i t h  
r e v e r s e d   d i r e c t i o n   o f  flow. Two c o n t i n u o u s   w e b s   c o n n e c t i n g   t h e   f l a t  
s u r f a c e s  of t h e  pumping s e c t i o n  t o  p r o v i d e   a x i a l   s t i f f n e s s  are i l l u s t r a t e d .  
The pump d u c t  i s  n o t   c o n n e c t e d   m e c h a n i c a l l y  t o  t h e  s t a t o r  assembly ,  
a l t h o u g h   d u c t   g u i d e s  are shown a t   t h e   e n d s  t o  limit g r o s s   d i s p l a c e m e n t s .  

Two i d e n t i c a l  s t a t o r  a s s e m b l i e s   a n d   s t r u c t u r a l  members t o  p o s i t i o n  them 
r e l a t i v e  t o  e a c h   o t h e r  are  r e q u i r e d .   E a c h  s t a t o r  assembly   compr ises  a 
c o o l a n t   j a c k e t   a l o n g   t h e   s u r f a c e   f a r t h e s t   f r o m   t h e   d u c t ,   t h e  s t a t o r  
l a m i n a t i o n s ,   t h e  s t a t o r  winding,   and a s e a l e d  metal l ic  enve lope  t o  m a i n t a i n  
t h e   d e s i r e d   d i e l e c t r i c   g a s   i n   t h e   w i n d i n g   r e g i o n .   T e m p e r a t u r e s   o f  s t a t o r  
l a m i n a t i o n s ,   w i n d i n g ,   a n d   d i e l e c t r i c   g a s  are t h e  same as t h o s e   f o r   t h e  
i n d u c t i o n  pump d e s i g n s   d e s c r i b e d   p r e v i o u s l y   a n d ,   t h e r e f o r e ,  mater ia l  
c o n s i d e r a t i o n s   a n d   c h o i c e s  a r e  t h e  same. ( S e e   S e c t i o n  V . B . l  f o r   d i s c u s s i o n  
o f   t h e s e   m a t e r i a l s   a n d   t h e   v a r i o u s   a l l o w a n c e s   f o r   i n s u l a t i o n ,   e t c . )   T h e  
s t a t o r  c o i l s  h a v e   t h r e e   t u r n s ,   e a c h   t u r n   c o n s i s t i n g   o f  two s t r a n d s   o f  
r e c t a n g u l a r  wire, 0 . 0 8 2  i n .  b y   0 . 1 5 7   i n .   i n  cross s e c t i o n .   E a c h  s t a t o r  
i s  l a p  wound, two c o i l  s i d e s   p e r  s l o t .  The  winding i s  f o u r   p o l e ,   t h r e e  
p h a s e ,   t h r e e  slots p e r   p o l e   p e r   p h a s e .   W i t h  a wye c o n n e c t i o n ,   o n e   c i r c u i t  
p e r   p h a s e ,   l i n e   v o l t a g e   a n d   c u r r e n t  a t  t h e   d e s i g n   p o i n t  are 183 v o l t s   a n d  
88 amp. T h i s   v o l t a g e   c u r r e n t   c o m b i n a t i o n  may b e   m o d i f i e d  by   changing   the  
number of t u r n s   p e r  c o i l  a n d   t h e   w i n d i n g   i n t e r c o n n e c t i o n .   T h e   c o o l i n g  
a r r a n g e m e n t   i n c o r p o r a t e s   r e c t a n g u l a r   p a s s a g e s   i n   t h e  s t a t o r  enve lope  a t  
t h e   b a c k   o f   t h e   l a m i n a t i o n s .   T h e   c o o l a n t  i s  assumed t o  b e  N a K  a t  600 OF. 
I n   p a s s i n g   t h r o u g h   t h e   c o o l i n g   p a s s a g e s   o f   e a c h   s t a t o r ,   c o o l a n t   f l o w   o f  
4  gpm will e x p e r i e n c e  a t empera tu re  rise o f   app rox ima te ly   40  OF. The 
me ta l l i c  e n v e l o p e   e n c l o s i n g   e a c h  s t a t o r  i n c l u d e s  a 0.015 i n .   t h i c k   s h e e t  
pas s ing   t h rough   t he   magne t i c   gap   be tween   t he   t he rma l   i n su la t ion   and   t he  
stator sur face .  1n t h e   p e r f o r m a n c e   c a l c u l a t i o n s  i t  i s  assumed t h a t  t h i s  
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TABLE 22. POWER DISTRIBUTION FOR PRIMARY COOLANT PTJ" 
( D e s i g n   P o i n t ;   F l a t   I n d u c t i o n   A p p l i c a t i o n ;  100 ~ p s ) ~  

Des ign   Poin t   Data  
Item P e r c e n t  

Kw I n p u t  

Pump Output 

S ta tor   Winding   Loss  

1.68 

3.97 

12 

28 

Secondary   (F lu id)   Loss   5 .64   39  

I ron   Loss  1 . 0  7 

Duct  Wall Loss (0 .025 i n . )  0.98 7 

S t a t o r  Can Loss 0 .31  2 

Hydrau l i c   Loss  0.75  5 

T o t a l  Power Input   14.33  100 

- 

a 
S e e   d e s i g n  2, Tab le   21 .  
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m a t e r i a l  is a u s t e n i t i c   s t a i n l e s s  steel. The s t r u c t u r a l  members   ho ld ing   the  
s t a t o r s   i n   t h e   p r o p e r   r e l a t i o n s h i p  are I-beams  of   varying  depth.   Because 
t h e   d u c t  is n o t   s e l f - s u p p o r t i n g ,   t h e   l o a d   p r o d u c e d   b y   t h e   f l u i d   p r e s s u r e  
a c t i n g   o n   t h e   f l a t   d u c t   s u r f a c e s  is t r a n s m i t t e d   t h r o u g h   t h e   t h e r m a l   i n -  
s u l a t i o n   a n d   t h e   s t a t o r   l a m i n a t i o n   a s s e m b l i e s   t o   t h e   I - b e a m s ,   w h i c h ,   t h e r e -  
f o r e ,   m u s t   b e   q u i t e   s t i f f .  

T h e r m a l   i n s u l a t i o n   o f   t h e   t y p e   d e s c r i b e d   i n   S e c t i o n  V.B . l  i s  l o c a t e d  
b e t w e e n   t h e   d u c t   a n d   e a c h  s ta tor .  Spaces  0.15 i n .   i n   d e p t h  are a l lowed 
f o r   t h i s   i n s u l a t i o n .   T h i s   a c c o m m o d a t e s   e l e v e n  or t w e l v e   l a y e r s   o f  metallic 
c l o t h   a n d   s t r i p .   T h o s e   l a y e r s   i n   c o n t a c t   w i t h   t h e   d u c t  are Cb-1Zr; t h e  
r e m a i n i n g   l a y e r s  may b e  Cb-1Zr o r   a u s t e n i t i c   s t a i n l e s s  s tee l .  T h e   f l u i d  
v e l o c i t y   i n   t h e   d u c t  i s  30 f t / s e c ,   t h e   d e s i g n   p o i n t   s u c t i o n   p r e s s u r e  i s  
10 p s i a ,   a n d   t h e   v a p o r   p r e s s u r e   o f   l i t h i u m  a t  t h e   d e s i g n   p o i n t   t e m p e r a t u r e  
of   1700 OF i s  approx ima te ly  0.3 ps i a .   Thus ,   a s suming  low v e l o c i t y  a t  t h e  
pump s u c t i o n ,   t h e  NPSH c o r r e s p o n d i n g   t o   9 . 7   p s i  i s  5 0   f t .  T h e   v e l o c i t y  
h e a d   c o r r e s p o n d i n g   t o   3 0   f t / s e c  i s  14 f t ;   h e n c e ,   t h e  NPSH i s  s u f f i c i e n t  
t o   p r e v e n t   c a v i t a t i o n .  

T a b l e   2 2   g i v e s   t h e  l o s s  d i s t r i b u t i o n   f o r   t h i s   d e s i g n .   T h e   p r i n c i p a l  
l o s s e s  are  t h e  e lec t r ica l  losses i n   t h e   l i t h i u m   a n d   i n   t h e   s t a t o r   w i n d i n g .  
The   duc t  w a l l  loss i s  less t h a n  10% of t h e  power inpu t   and ,   hence ,  some 
i n c r e a s e   i n   t h e   d u c t   w a l l   t h i c k n e s s ,   w h i c h  i s  assumed t o   b e   0 . 0 2 5   i n . ,   c a n  
b e   t o l e r a t e d .  

2. A n n u l a r   I n d u c t i o n  Pump. F o r   t h e   p r i m a r y   c o o l a n t   a p p l i c a t i o n ,   t h e  
a n n u l a r   i n d u c t i o n  pump shows b e t t e r   p e r f o r m a n c e   a n d   w e i g h t   t h a n   t h e   f l a t  
i n d u c t i o n  pump. The l i t h i u m   t e m p e r a t u r e ,   h o w e v e r ,  is s u f f i c i e n t l y   h i g h   t o  
p r e c l u d e   u s i n g   a n y  known m a g n e t i c   c o r e  material w i t h o u t   c o o l i n g .   I n   d e s i g n s  
4 th rough  6 ,  Table   21 ,  i t  was  assumed t h a t   t h e   c o r e   w o u l d   b e   c o o l e d   t o  
approx ima te ly  120O0F. A c c o r d i n g l y ,   s p a c e   w a s   p r o v i d e d   f o r   c o o l a n t   p a s s a g e s  
i n   t h e   c o r e ,   a n d  a r a d i a l   s p a c e   o f   a p p r o x i m a t e l y  0.04 i n .  was p r o v i d e d   f o r  
t he rma l   i n su la t ion   be tween   t he   duc t   and   t he   co re .  No l a y o u t s   o f   t h i s   r e g i o n  
were made ,   however ,   and   i n su f f i c i en t   s tudy   has   been  made t o   s u b s t a n t i a t e   t h a t  
t h e   c o r e   c a n  be a d e q u a t e l y   c o o l e d   i n   d e s i g n s   w i t h   t h e   p e r f o r m a n c e   i n d i c a t e d  
i n   T a b l e   2 1 .  Of a n n u l a r   i n d u c t i o n  pump d e s i g n s  4 through 6 ,  Table  21, t h e  
5 0   c p s   d e s i g n ,   l i n e  4 ,  has   t he   bes t   pe r fo rmance   and   we igh t   combina t ion .  
T a b l e   2 3   a n d   F i g u r e   8 5   g i v e   t h e   p o w e r   d i s t r i b u t i o n   a n d   c a l c u l a t e d   p e r f o r m a n c e  
c u r v e s ,   r e s p e c t i v e l y ,   f o r   t h i s   d e s i g n .   F o r   t h e   t h r e e   f r e q u e n c i e s   c o n s i d e r e d ,  
e f f i c i e n c y   d e c r e a s e s   w i t h   i n c r e a s i n g   f r e q u e n c y ,   a n d   w e i g h t  is a minimum a t  
t h e   i n t e r m e d i a t e   f r e q u e n c y  of 100 c p s .  

Layouts   have   no t   been  made f o r   t h e s e   d e s i g n s .   C a l c u l a t i o n s  were based  
o n   u s i n g  Cb-1Zr o f   0 . 0 2 5 - i n .   w a l l   t h i c k n e s s   f o r   t h e   d u c t ,   t h e r m a l   i n s u l a t i o n  
o f   0 . 1 3 0 - i n .   t h i c k n e s s   b e t w e e n   t h e   d u c t   a n d   t h e   s t a t o r   c a n ,   a n d   t h e r m a l  
i n s u l a t i o n   o f   0 . 0 4 0 - i n .   t h i c k n e s s   b e t w e e n   t h e   d u c t   a n d   t h e   c o r e .   T h e   g e n e r a l  
a r rangement  i s  s i m i l a r   t o   t h a t   i l l u s t r a t e d   i n   F i g u r e   7 9 .   I n   d e s i g n  4 ,  t h e  
mean d i a m e t e r   o f   t h e   a n n u l a r   d u c t  i s  3 i n . ,   a n d   t h e   r a d i a l   h e i g h t  i s  0 . 8 6   i n .  
The   l eng th  of t h e  pumping   s ec t ion  i s  3 0 . 2   i n .   T h e   s t a t o r   s l o t s  are 0 . 9 2   i n .  
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TABLE 23. POWER DISTRIBUTION FOR PRIMARY  COOLANT  PUMP 
( D e s i g n   P o i n t ;   A n n u l a r   I n d u c t i o n   A p p l i c a t i o n ;   5 0  ~ p s ) ~  

I tern P e r c e n t  
Kw I n p u t  

~ - ~ ~ 

Pump Output  1 .68   16  

S t a t o r   W i n d i n g  Loss 2 .75  27 

S e c o n d a r y   ( F l u i d )  Loss 3.72  36 

I r o n  Loss 0.50 5 

Duct  Wall Loss ( 0 . 0 2 5   i n . )  0.97  9 

S t a t o r  Can Loss 0.17  2 

H y d r a u l i c  Loss 0.50 - 5 

T o t a l  Power  Input 10.29  100 
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deep ,   and   t he   w ind ing  i s  f o u r   p o l e ,   t h r e e   s l o t s   p e r   p h a s e   p e r   p o l e ,   o n e  
c o i l   s i d e   p e r   s l o t ,   t e n   t u r n s   p e r   c o i l ,  wye c o n n e c t e d ,   o n e   c i r c u i t   p e r  
p h a s e .   L i n e   v o l t a g e   a n d   c u r r e n t  a t  t h e   d e s i g n   p o i n t   a r e  140  v o l t s   a n d  
217  amp, r e s p e c t i v e l y .  

3. S i n g l e   P h a s e   I n d u c t i o n  Pump. T h e   p r i n c i p l e   o f   o p e r a t i o n   a n d   t h e  
gene ra l   a r r angemen t   o f   componen t s   o f   t he   s ing le   phase   i nduc t ion  pump a r e  
d e s c r i b e d   i n   S e c t i o n  1 I I . A .  The   pe r fo rmance   p red ic t ion   p rocedure  i s  
d e v e l o p e d   i n   S e c t i o n  I I I . C . 3 .  Very l i t t l e  work has   been   repor ted   on  pumps 
o f   t h i s   t y p e ,   a n d   t h e   a r r a n g e m e n t   d e s c r i b e d   i n   t h i s   r e p o r t  i s  b e l i e v e d   t o  
be   comple t e ly   new.   S ince   t he re  i s  n o   e x p e r i e n c e   i n   t h e   d e s i g n ,   f a b r i c a t i o n ,  
a n d   o p e r a t i o n   o f   t h e s e   p u m p s ,   p e r f o r m a n c e   p r e d i c t i o n   a n d   a r r a n g e m e n t   d e t a i l s  
a r e  less c e r t a i n   t h a n  for t h o s e  pumps where   more   exper ience  i s  a v a i l a b l e .  
Design 7 ,  Tab le   21 ,  i s  a s i n g l e   p h a s e   i n d u c t i o n  pump a p p l i c a t i o n   f o r   t h e  
d e s i g n   p o i n t   r a t i n g .   A l t h o u g h   s o m e w h a t   i n f e r i o r   t o   t h e   b e s t   d e s i g n s   f o r  
pumps o f   o t h e r   t y p e s ,  i t  d o e s   h a v e   a t t r a c t i v e   f e a t u r e s   a n d   s u b s e q u e n t  
s t u d y  may produce  a b e t t e r   d e s i g n .   T h i s  pump i s  d e s i g n e d   f o r   2 0   c p s .  

The pump c o n f i g u r a t i o n ,   i l l u s t r a t e d   i n   F i g u r e  86., compr ises  a d u c t  
assembly ,  a magne t i c   co re   a s sembly ,   and   an   annu la r   w ind ing .   The   duc t  
m a t e r i a l  i s  Cb-1Zr w i t h  a w a l l   t h i c k n e s s   i n   t h e  pumping s e c t i o n   o f   0 . 0 4 0   i n .  
T h e   f l u i d   a n n u l u s   i n   t h e   p u m p i n g   s e c t i o n   h a s  a  mean d i a m e t e r   o f   5 . 4 3   i n . ,  
a r a d i a l   d e p t h   o f   0 . 6   i n . ,   a n d  a l e n g t h   o f  3 i n .   T h e   f l u i d   v e l o c i t y  i s  
2 0   f t / s e c .   T h e   f l o w   t r a n s i t i o n   f r o m  pump i n l e t   t o  pumping s e c t i o n   a n d  
f rom  pumping   s ec t ion   t o  pump o u t l e t  i s  v i a  t w e l v e  o n e - i n c h   p i p e s   e q u a l l y  
d i s t r i b u t e d   c i r c u m f e r e n t i a l l y   a r o u n d   t h e   p u m p i n g   s e c t i o n   a n n u l u s .   T h e  
h e a d e r   a t   e a c h   e n d  of t h e  p u m p i n g   s e c t i o n   c o n s t i t u t e s  a c o n d u c t i n g   p a t h  
l i n k e d  by t h e   f l u x   i n   t h e  pump c o r e .  I t  carries eddy   cu r ren t s ,   wh ich  
o p p o s e   t h e  m . m . f .  o f   t h e   e x c i t i n g   c o i l   a n d  create u n d e s i r a b l e   l o s s e s .  
T o   r e d u c e   t h e s e   l o s s e s ,   i n s u l a t i n g   b a f f l e s ,   o n e   l o c a t e d   b e t w e e n   e a c h   a d j a c e n t  
p a i r   o f   t r a n s i t i o n   p i p e s ,  are  shown i n   e a c h   h e a d e r .   T h e   m a g n e t i c   p o r t i o n  
o f   t h e  pump c o n s i s t s  of a lamina teu   core   and   twelve   E-shaped   packages   o f  
l a m i n a t i o n s .   T h e   p l a n e s   c o n t a i n i n g   t h e   p r i n c i p a l   d i m e n s i o n s   o f   t h e   l a m i n a t i o n s  
p a s s   t h r o u g h ,  or  n e a r ,   t h e   a x i a l   c e n t e r   l i n e   o f   t h e  pump. F i g u r e   8 6   i l l u s t r a t e s  
t h e   a r r a n g e m e n t .   C o o l i n g   t h e   m a g n e t i c   p a r t s  i s  n e c e s s a r y   a n d  may be  accomplished 
w i t h   c o o l i n g   c o i l s   a r o u n d   t h e   p e r i p h e r y  of t h e   p a r t s .   C o o l i n g   c o i l s   a r e   n o t  
shown i n   t h e   i l l u s t r a t i o n .   T h e   e x c i t i n g   w i n d i n g  i s  a c o n c e n t r a t e d   a n n u l a r  
c o i l   l o c a t e d   a t   o n e   e n d   o f   t h e  pumping s e c t i o n .   T h e   c o n d u c t o r  i s  copper   and 
i s  formed  around a t h i n   w a l l e d   a u s t e n i t i c   s t a i n l e s s  s tee l  tube   th rough  which  
c o o l a n t  i s  c i r c u l a t e d .  

Space  for t h e r m a l   i n s u l a t i o n  w a s  n o t   a l l o w e d   i n   t h e   p e r f o r m a n c e   p r e d i c t i o n  
c a l c u l a t i o n s   f o r   d e s i g n   7 ,   T a b l e   2 1 ,   a n d  i s  n o t   i l l u s t r a t e d   i n   F i g u r e  8 6 .  
S i n c e   t h e   n o n m a g n e t i c   g a p   i n   t h e  pumping s e c t i o n  i s  0.68 i n . ,   s p a c e  may be  
a l l o w e d   f o r   t h e r m a l   i n s u l a t i o n   w i t h o u t   s i g n i f i c a n t l y   c h a n g i n g   i n d i c a t e d  
pump per formance .  
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4 .  DC Conduct ion Pump. Design 8, Table   21 ,  i s  a series e x c i t e d  
compensated  dc  conduct ion pump f o r   t h e   d e s i g n   p o i n t   r a t i n g .   T h i s  pump 
d e s i g n   h a s  a c o m b i n a t i o n   o f   c a l c u l a t e d   e f f i c i e n c y   a n d   w e i g h t   s u p e r i o r   t o  
t h a t   o f   a n y   o t h e r   d e s i g n   l i s t e d .   I n   g e n e r a l   a r r a n g e m e n t ,  i t  is s i m i l a r  
t o   t h e   d e s i g n   i l l u s t r a t e d   i n   F i g u r e   7 8   e x c e p t   t h a t   t h e  series winding  
h a s   o n e   t u r n   a n d   t h e  pump i s  compensated. 

T h e   d u c t   m a t e r i a l  i s  Cb-1Zr w i t h  a w a l l   t h i c k n e s s   o f   0 . 0 2 5   i n .   i n   t h e  
pumping s e c t i o n .   T h e   r e c t a n g u l a r  pumping s e c t i o n  i s  2 - in .   h igh  by 4 - i n .  
wide   by   2 - in .   long .   The   f low  ve loc i ty  i s  25 f t / s e c .  To l i m i t  end 
f r i n g i n g   c u r r e n t ,   i n l e t   a n d   d i s c h a r g e   t r a n s i t i o n   r e g i o n s   a r e  composed 
o f   s i x   p a r a l l e l   f l o w   p a s s a g e s .  A 0 .1- in .   space   be tween  each  s ide o f   t h e  
duc t   and   the   magnet  i s  f i l l e d   w i t h   t h e r m a l   i n s u l a t i o n   o f   t h e   m e t a l l i c  
c l o t h   a n d   s h e e t   t y p e .   S i n c e   t h e   f l u i d   e x c e e d s   t h e   u p p e r   t e m p e r a t u r e  
l i m i t  f o r   o p e r a t i o n   o f   a v a i l a b l e   m a g n e t i c   m a t e r i a l s ,   a u x i l i a r y   c o o l i n g  
o f   t he   magne t  i s  n e c e s s a r y .   T h e   c o n d u c t o r   m a t e r i a l   a l s o   m u s t  be coo led .  
T h e   c o n d u c t o r   t o   d u c t   j o i n t   h a s   n o t   b e e n   d e s i g n e d ,   a n d ,   s i n c e   t h e   c a l c u -  
l a t i o n s   a r e   b a s e d   o n   u s i n g  a c o n d u c t o r   m a t e r i a l   w i t h   t h e   r e s i s t i v i t y   o f  
c o p p e r   a t   1 2 0 0  O F  w i t h   a n   e l e c t r o d e   o f   C b - l Z r ,  some d e p r e c i a t i o n   i n  
per formance  may be i n c u r r e d   a t   t h i s   p o i n t .  

b .  Pump Requirement   Parameter  Rang?. Des igns  9 through  22 ,   Table   21 ,  
a r e   c o n d u c t i o n   a n d   i n d u c t i o n  pump d e s i g n s   f o r   t h e   v a r i o u s   r a t i n g s   c h o s e n  
i n   t h e   s p e c i f i e d   s t u d y   r a n g e   ( T a b l e   1 4 ) .   F o r   e a c h   p r e s s u r e   f l o w   c o m b i n a t i o n  
c o n s i d e r e d ,   d e s i g n s  were made f o r  a d c   c o n d u c t i o n  pump a n d   f o r   e i t h e r   f l a t  
or a n n u l a r ,  or b o t h ,   i n d u c t i o n  pumps. 

P r i m a r i l y   b e c a u s e   o f   t h e  low v a l u e s   o f   d e v e l o p e d   p r e s s u r e   s p e c i f i e d ,  
t h e   e f f i c i e n c y   q f   m o s t   o f   t h e   d e s i g n s   c a l c u l a t e d  i s  low.   Excep t ions   a r e  
t h e  50 p s i ,  640 gpm des igns ,   wh ich  show e f f i c i enc ie s   exceed ing   22%.   The  
power f a c t o r   o f   t h e   i n d u c t i o n  pumps i s  low,  and i t  i s  less f o r   a n n u l a r  
t h a n   f o r   f l a t  pumps. 

T h e   l o w e s t   v a l u e   o f   s u c t i o n   p r e s s u r e   s p e c i f i e d   i n   t h e   s t u d y   r a n g e  i s  
5 p s i a .  A t  2000 O F ,  t h e   v a p o r   p r e s s u r e   o f   l i t h i u m  i s  2 p s i .   T h u s ,   t h e  
NPSH i s  approx ima te ly  3 p s i ,  or 1 6   f t ,   a n d   f l u i d   v e l o c i t y   a t   t h e   e n t r a n c e  
t o   t h e  pumping s e c t i o n   s h o u l d  be l i m i t e d   t o   a p p r o x i m a t e l y  23 f t / s e c .  
T a p e r i n g   t h e   d u c t   p a s s a g e s   a t   t h e   e n t r a n c e   t o   t h e   p u m p i n g   s e c t i o n  w i l l  
a c c o m p l i s h   t h i s .  

D e s i g n s   2 ,   2 1 ,   a n d   2 2 ,   T a b l e   2 1 ,   i n d i c a t e   t h a t   l i t h i u m   t e m p e r a t u r e  
a l o n e   h a s  l i t t l e  e f f e c t  on pump per formance .   This   compar ison  i s  n o t  
c o m p l e t e l y   a c c u r a t e ,   h o w e v e r ,   s i n c e   t h e   a l l o w a n c e s   f o r   t h e r m a l   i c s u l a t i o n  
were c o n s t a n t   f o r   t h e   t h r e e   t e m p e r a t u r e s .  Compared w i t h   d e s i g n s   f o r  
l i t h i u m   t e m p e r a t u r e s   o f   1 7 0 0  O F  and  2000 O F ,  a t  a l i t h i u m   t e m p e r a t u r e   o f  
1200 O F ,  m a t e r i a l  stress c a p a b i l i t y  i s  much h ighe r ,   t he rma l   expans ion  
i s  s i g n i f i c a n t l y   r e d u c e d ,   a n d  much d e s i g n   s i m p l i f i c a t i o n  i s  p o s s i b l e .  
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C .  Pump Weight Improvement 

I t  h a s   b e e n   o b s e r v e d   t h a t ,   i n  EM pumps d e s i g n e d  on a c o n s i s t e n t   b a s i s ,  
a f a i r l y   c o n s t a n t   c o r r e l a t i o n  exis ts  b e t a s e n  t h e  w e i g h t   o f   t h e   v a r i o u s  
pumps  and a p a r a m e t e r   g i v e n   b y   t h e   p r o d u c t  of f l o w   r a t e ,   d e v e l o p e d   p r e s s u r e ,  
a n d   f l u i d  e l ec t r i ca l  r e s i s t i v i t y .   T h i s   p a r a m e t e r   h a s   b e e n   d e s i g n a t e d  
t h e  pump c a p a b i l i t y   p a r a m e t e r .   I n   F i g u r e  87 t h e  r a t io  of  pump we igh t  t o  
t h i s   c a p a b i l i t y   p a r a m e t e r  i s  p l o t t e d   a g a i n s t   t h e   c a p a b i l i t y   p a r a m e t e r  f o r  
t h i r t e e n   i n d u c t i o n  pumps d e s i g n e d   d u r i n g   t h e   p a s t  f i f t e e n  y e a r s   a n d  f o r  
e i g h t   d e s i g n s   d e v e l o p e d   d u r i n g   t h e   c o u r s e   o f   t h i s   s t u d y .   T h e   s p e c i f i c  
pump r a t i n g s  shown  on t h e   c h a r t  are i n d i c a t e d   i n   T a b l e   2 4 .  Data p o i n t s  
1 th rough  13 r e p r e s e n t   a c t u a l   p u m p s ,  many of w h i c h   h a v e   o p e r a t e d   t e n s   o f  
t h o u s a n d s   o f   h o u r s   w i t h   v i r t u a l l y   n o   m a i n t e n a n c e   a n d   w i t h   o u t s t a n d i n g  
r e l i a b i l i t y .  Data p o i n t s  2 t h rough  h r e p r e s e n t   d e s i g n s   s e l e c t e d   f r o m  
t h o s e   w h o s e   c h a r a c t e r i s t i c s  are  summarized i n   T a b l e s  15 th rough  23.  

T h e   d a t a   i n   F i g u r e  87 show t h a t   t h e   w e i g h t   o f  EM pumps des igned  
s p e c i f i c a l l y   f o r   s p a c e   p o w e r   a p p l i c a t i o n  may b e  less t h a n   o n e   t e n t h   t h a t  
of EM pumps  developed f o r   c o n v e n t i o n a l   a p p l i c a t i o n s .   T h i s   w e i g h t   r e d u c t i o n  
h a s   b e e n   a c h i e v e d   b y :   1 )   V i r t u a l l y   e l i m i n a t i n g   t h e  pump f r a m e ,   2 ) u s i n g  
somewhat h i g h e r   c u r r e n t   a n d   f l u x   d e n s i t i e s   i n   t h e   a c t i v e   p a r t s   o f   t h e  pump, 
a n d   3 )   u s i n g  a m a g n e t i c   f l u x   r e t u r n   p a t h   i n s i d e   t h e  pump d u c t .   T o   a c h i e v e  
l o w  w e i g h t   o f   t h e   f r a m e ,   c y l i n d r i c a l   c o n f i g u r a t i o n s   h a v e   b e e n   c h o s e n   b e c a u s e  
t h e y   p r o v i d e  optimum u t i l i z a t i o n   o f   s t r u c t u r a l  mater ia l  f o r   p r e s s u r e  
conta inment .   The  EM pumps u s e d   i n   t h e   S u b m a r i n e  USS S e a w o l f ,   i n   w h i c h   o n l y  
22%  of t h e  pump we igh t  was a c t i v e   m a g n e t i c  or c o n d u c t i n g   m a t e r i a l ,   i l l u s t r a t e  
t h e   p o t e n t i a l  of t h i s   a p p r o a c h  t o  w e i g h t   m i n i m i z a t i o n .   C u r r e n t   d e n s i t i e s  
i n   t h e   d e s i g n s   p r o p o s e d   f o r   s p a c e   a p p l i c a t i o n s  are approx ima te ly  3300 t o  5000 
amp/in.2  compared  with  2500 t o  3500 amp/in . 2  i n  ea r l ie r  des igns .   Because   o f  
t h e   l a r g e  a i r  g a p s   n e c e s s a r y   i n  EM pumps, f l u x   d e n s i t i e s  are  u s u a l l y   l o w ,  
p a r t i c u l a r l y   i n   h i g h   t e m p e r a t u r e   h e l i c a l   i n d u c t i o n  pumps. I n   t h e   d e s i g n s  
f o r   s p a c e   a p p l i c a t i o n s ,   f l u x   d e n s i t i e s   o f   a p p r o x i m a t e l y  90,000 l i n e s / i n . 2 ,  
c o m p a r e d   w i t h   f l u x   d e n s i t i e s   o f   a p p r o x i m a t e l y  40,000 l i n e s / i n . 2   i n  e a r l i e r  
pumps, are u s e d   i n   t h e   m a g n e t i c   m a t e r i a l s .   T h e   u s e   o f  a magne t i c  core i n  
t h e  s t a t o r  b o r e ,  when compared   wi th   the   nonmagnet ic  core c o n s t r u c t i o n   i n  
t h e   h e l i c a l  pumps p r e s e n t l y   o p e r a t i v e ,   p e r m i t s   s u b s t a n t i a l   r e d u c t i o n s   i n  
s t a t o r  conduc t ing   and   magne t i c  ma te r i a l .  

T h e   o b s e r v e d   c o r r e l a t i o n   o f  pump w e i g h t   w i t h  pump c a p a b i l i t y   p a r a m e t e r  
may b e   r a t i o n a l i z e d   i n   t h e   f o l l o w i n g   m a n n e r .   I n  a p a r t i c u l a r   i n d u c t i o n  
p u m p i n g   c o n f i g u r a t i o n   w i t h  a m a g n e t i c   f i e l d   o f   f i x e d   p e a k   a m p l i t u d e   m o v i n g  
a t  a f i x e d   s y n c h r o n o u s   v e l o c i t y ,  a c o n d u c t i n g   f l u i d   p a s s i n g   t h r o u g h   t h e  
pump d u c t  a t  a f i x e d   v e l o c i t y  less t h a n   t h a t   o f   t h e   m o v i n g   m a g n e t i c   f i e l d  
e x p e r i e n c e s  a p r e s s u r e  r ise i n v e r s e l y   p r o p o r t i o n a l  t o  i t s  e lec t r ica l  
r e s i s t i v i t y .   A c c o r d i n g l y ,   s i n c e   t h e   f l o w  i s  t h e  same f o r  a l l  f l u i d s  f o r  
t h e   a s s u m e d   c o n d i t i o n s ,   t h e   p r o d u c t   o f   f l o w  r a t e ,  p r e s s u r e ,   a n d  e l ec t r i ca l  
r e s i s t i v i t y  i s  c o n s t a n t .   T h u s   t h e   p u m p i n g   c o n f i g u r a t i o n   h a s  a c a p a b i l i t y  
r e l a t e d  t o  t h e   p r o d u c t   o f   p r e s s u r e ,   f l o w   a n d  e l e c t r i c a l  r e s i s t i v i t y .   T h e  
we igh t  of a pump, t h e r e f o r e ,  i s  a f u n c t i o n   o f   t h e   p a r a m e t e r .   T h i s   n e g l e c t s  
s i g n i f i c a n t   v a r i a b l e s   s u c h  as  f l u i d   t e m p e r a t u r e ,   d e n s i t y ,   a n d   v i s c o s i t y .  
I t  s h o u l d   b e   e m p l o y e d   c a r e f u l l y ,   p a r t i c u l a r l y   i n  
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TABLE 24. PUMP IDFNTIFICATION, EM PUMP \YEICHT  CORRELATION 

Ident. Flow, Head, 
Fluid CApabi li ty 

Temp., Wt., Resistivity, Parameter, Eff., Pump 
 NO.^ gpm  psi Fluid OF lb u-ohm-in. gpm-psi- *-ohm-in-l$ 9. Typeb Location or Application 

Existing Pumps 

1 6500 
2 5000 
3 3300 
4 1200 
5 60 
6 500 
7 42 
M 200 
9 
10 

20 

11 
50 
4 
3 

13 
12 

4 

Study Pumps 

a 16 
b 16 
c 60 
d 60 
e 31 
f 31 
g 643 
h 643 

40 
53 

40 
85 

30 

150 
40 

20 
67 
50 
120 
75 
80 

30 
30 
25 
25 
20 
20 
6 
6 

I 
K 
K 

N a K  
NaK 
Li 
Li 
Li 
Li 

700 
700 

600 
700 
700 
900 
1600 
1850 
1850 
1400 

2200 
1400 

500 

1200 
1200 

1200 
1200 

1200 
1200 
1700 
1700 

18,500 
14,000 
11,400 
6,430 

2,250 
800 

1,500 
1,500 
1,100 
1,000 
300 
570 
250 

26 
9 

38 

33 
19 

160 
13 

110 

8.5 

7.1 
8.5 

8.5 

3 5 . 0  
10.6 

37.5 
37.5 
29.0 
29.0 
45.0 
10.2 

8.5 

23.5 
23.5 
32.5 
32.5 

15.4 
15.4 

17.7 
17.7 

2930 
1700 
1990 
4 08 

212 
220 
150 

15.3 

5 0 .  I 
72.5 
13.9 
10.1 
3.3 

11 

49 
11 

49 
9.45 
9.45 

6n.4 
68.4 

44 
40 
43 
33 
15 
17 
10 
6 
5 
11 
3.5 
1 
4 

10 
14 
12 
15 

1 5  
13 

16 
16 

FI 

nI  1 
I 

HI 
DC 
AI 

HI 
DC 

DC 
AI 
Dc 

EBR-I1 Secondary Loop 
Argonne Natl. Lab. 
USS Yeasoll 
KAPL Test Pump 
KAPL Service/EBR-I1 Service 
LASL 
SPPS 'Turbine Loop 
SPPS 300 KW Loop 
SPPS 300 KW Loopc 
AiResearch Corp. 
AiResearch Corp. 

SPPS Bearing, Seal Service 
SPPS 100 KW Loop= 

Turboelectrlc Condensate Boost 
Turboelectric Condensate Boost 
Thermionic Radiator Coolant 

Radiator Coolant 
Radlator Coolant 
Radiator Coolant 
Primary Coolant 
Primary Coolant 

~ ~~ ~ ~~ 

3efers to identification In Figure 89. 

'These are double rated  pumps. The higher  output rating is used. 
FI = flat induction; HI = helrcal Induction; Dc = direct  current conductlon; AI = Annular Induction 



comparing pumps f o r   f l u i d s  w i t h  w i d e l y   d i f f e r e n t   c h a r a c t e r i s t i c s  o r  pumps 
d e s i g n e d   f o r   c o m p l e t e l y   d i f f e r e n t   a p p l i c a t i o n s  o r  envi ronments .  

D. W e i g h t   E v a l u a t i o n s   F o r   T h e   S e l e c t e d  Pumps 

C o n s i d e r a t i o n   o f   t h e  several pump c o n c e p t s   e n u m e r a t e d   a n d   d i s c u s s e d   i n  
S e c t i o n  I11 f o r   a p p l i c a b i l i t y   t o   s p a c e   p o w e r   s y s t e m s   l e d  t o  t h e   c h o i c e   o f  
f i v e   g e n e r a l  pump t y p e s   f o r  more d e t a i l e d   d e s i g n   s t u d y .  This p r e l i m i n a r y  
s e l e c t i o n  was b a s e d   o n   q u a n t i t a t i v e   c o m p a r i s o n  of t h e   v a r i o u s  pump c o n c e p t s ,  
e m p h a s i s i n g   r e l i a b i l i t y .  Following t h i s   s e l e c t i o n ,   p r e l i m i n a r y   d e s i g n s   a n d  
p e r f o r m a n c e   p r e d i c t i o n s  were made f o r   a p p r o x i m a t e l y  1000 pump r a t i n g  com- 
b i n a t i o n s   f o r   t h e   v a r i o u s  pump a p p l i c a t i o n s   c o n s i d e r e d  i n  t h i s   s t u d y .  From 
these, 8 9   p r e l i m i n a r y   d e s i g n s   h a v i n g   t h e  best combina t ion   of   per formance  
and   weight  were s e l e c t e d .   D e s c r i p t i v e   i n f o r m a t i o n   a n d   p e r f o r m a n c e   f o r  
t h e s e   d e s i g n s  are summarized i n   S e c t i o n  V.C.  

I n   t h e   s e c o n d   s t e p  of t h e   s e l e c t i o n ,   t h e   8 9  pump d e s i g n s  were i n t e g r a t e d   i n t o  
t h e   s p a c e   p o w e r   p l a n t ,   a p p l y i n g  s y s t e m  c o n s i d e r a t i o n s ,   w e i g h t s  and p e n a l t i e s  
p r e s e n t e d   i n   S e c t i o n  I V .  T h i s   s e c o n d   s e l e c t i o n   s t e p   c u l m i n a t e d   i n  a weight  
a n a l y s i s   f o r   e a c h   o f   t h e   8 9  pump d e s i g n s .   T h i s   w e i g h t   a n a l y s i s  was based  on 
t h e   w e i g h t s   a n d   w e i g h t   p e n a l t i e s   l i s t e d   i n   T a b l e  13 and t h e  pump d a t a   r e p o r t e d  
i n   T a b l e s  15 t h r o u g h   2 3 .   T h e   r e s u l t s   o f   t h i s   a n a l y s i s  are g i v e n   i n   T a b l e s   2 5  
t h r o u g h   3 0 .   F i n a l  pump c h o i c e s  t o  s a t i s f y   t h e   s i x   s t u d y   a p p l i c a t i o n s  were based  
on minimum e v a l u a t e d   w e i g h t  as i n d i c a t e d   i n   t h e   c o l u m n s   d e s i g n a t e d   W e i g h t  Cr i te r ia .  
The  pumps  chosen are i n d i c a t e d  b y   a n   a s t e r i s k   i n   t h e   c o l u m n   d e s i g n a t e d  Pump 
Design Number. P e r t i n e n t  data  f o r   t h e  s i x  s e l e c t i o n s  are summarized i n   T a b l e  3 1 .  
A l l  numbers  have  been  rounded  off t o  two s i g n i f i c a n t   f i g u r e s .  

Inasmuch as t h e  pump r a t i n g s   f o r   t h e   r a d i a t o r   c o o l a n t  pumps f o r   t u r b o e l e c t r i c  
and   thermionic   power   sys tems were i d e n t i c a l ,   s e p a r a t e  pump d e s i g n s  were n o t  
r e q u i r e d   f o r   t h e  two s y s t e m s .   I d e n t i c a l  pump d e s i g n s  when i n t e g r a t e d   i n t o   t h e  
t u r b o e l e c t r i c   a n d   t h e r m i o n i c   p o w e r   s y s t e m s   r e s u l t e d   i n   d i f f e r e n t   v a l u e s ,   h e n c e  
s e p a r a t e  l i s t s  a p p e a r   f o r   t h e  same pumps i n   t h e   t w o   s y s t e m s .  

Some use fu l   gene ra l i za t ions   can   be   d rawn   f rom  the   i n fo rma t ion   g iven   i n  
T a b l e s  25 through 30. 

1. DC conduc t ion  pumps p e r m i t  minimum s y s t e m  weight .   There  
i s  some i n d i c a t i o n   t h a t   t h i s   e f f e c t  is  reduced  as pump s i z e  
i n c r e a s e s .  

2 .  Pump s p e c i f i c   w e i g h t   d e c r e a s e s   w i t h   i n c r e a s e d  pump o u t p u t .  
Thus ,  a compromise  between  pumping  system  weight  and 
r e l i a b i l i t y   i m p r o v e m e n t   t h r o u g h   r e d u n d a n c e   b y   u s i n g   s e v e r a l  
small pumps i n   p a r a l l e l  must  be  made. 
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TABLE25. WEIGHT  ANALYSIS  FOR  SELECTED EM PUMP  DESIGNS 
I Turboelectric Condensate  Boost Pump: Potassium 

Pump Charac te r i s t ics  

Design Pump Power  Power Reactive 
No .a Typeb Output,  Input, E f f  . , Power, 

kwC  kwd % kvar 

1 
2 
3* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

i DC 

H I  
DC 

7 DC 

H I  
DC 
H I  
DC 

0.14 
0.14 

0.02 'i 
0.02 
0.41 
0.41 
0.20 
0.21 
0.20 
0.20 

2.3  8.9 
2.1  9.3 
2.3 8.9 
3.2  6.3 
1.8 11 
1.5 9.3 
1.4 10 
8.6 19 
9.7 17 
9.9 16 
9.0 18 
0.78  2.6 
0.43  4.7 
3.3 12 
3.2  13 
2.3  8.7 
2.3  9.1 
2.7  7.4 
3.0 6.7 

3.6 
4.4 
4.2 
5.4 

3.9 

16 
18 
30 

"- 
"_ 

"- 
1.4 

8.4 

3.9 
5.2 
4.0 
5.3 

"- 

"_ 

*Optimum Design 

Weights and Penal t ies  

Power and 
Pump Cooling PF 
Wt, , Penalty,  Penalty, 
l b  s lbs  e lb s  e 

33 
30  
26 
22 

9 
20 

7 
136 

76 
87 
69 
11 
3 

38 
13 
25 
27 
38 
32 

29 
26 
29 
40 
23 
19 
18 

110 
120 
120 
110 
9.8 
5.4 

4 1  
40 
29 
29 
34 
38 

2.7 
3.3 
3 .1  
4 .1  

2.9 

12 
14 
23 

1.0 

6.3 

2.9 
3.9 
3.0 
4.0 

"_ 
-" 

"_ 
"_ 
-" 

Weight Criteria 

Total  Over-all 

l b s  lbs /kw 
w t  . , sp.  W t . ,  

65 320 
59  3 00 
58  290 
66 330 
32 160 
42 3 00 
25  180 

260 160 
210  130 
230 140 
180 110 

22 1100 
8.4 420 

85 210 
53 130 
57  280 
60 290 
75  380 
74  370 

aSee Tables 15 t o  23 under  the ?ame design number for   o ther  pump cha rac t e r i s t i c s .  

bHI = hel ical   induct ion;  DC = direct  current  conduction; A I  = annular  induction;  FI = f l a t  induction 
SPI = single  phase  induction. 

Hydraulic power developed by t h e  pump. C 

dInput   to   the pump power supply.  Includes power supply  losses. 

eSee Table 13. 



1 
2 
3* 
4 
5 
6 

l 7  Z 8  
Y 9  

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

P 
i DC 

J 
DC 
HI 
DC 

Dc 
AI 
AI 
HI 
Dc 
AI 
AI 
HI 
DC 
AI 
AI 

0.66 

1 
3l 
0.33 
0.33 

0.26 

L 
1 

2.6 

0.66 
0.66 

TABLE 26. WEIGHT ANALYSIS MIR SELECTED Hd PUMP DESIaS 
I1 Turboelectric  Radiator  Coolant  Pump: NaK 

Pump Characteristics Weights and  Penalties 

Power  and 

hmpb 
Power Power Reactive Pump Cooling PF 

No. a Type Output,  Input , E f f  . , Power , Wt . , Penalty,  Penalty, 
kwC kwd 75 kvar l b s  lbs e lbs  e 

5.6 
5.0 
5.9 
7.2 
5.7 
5.9 
8.0 
13 
5.4 
4.3 
3.3 
3.1 
20 
22 
27 
22 
2.8 
3.4 
3.9 
2.1 
17 
18 
13 
15 
5.7 
6.3 

12 
13 
11 
9.2 
12 
11 
8.3 
5.1 
12 
15 
10 
11 
20 
18 
14 
18 
9.3 
7.7 
6.7 
12 
15 
14 
20 
17 
12 
10 

11 
11 
13 
20 
11 
13 
14 
20 
" - 
" - 
9.1 "- 
34 
77 
84 
"- 
5.6 
8.1 
9.0 

41 
45 
45 

-" 

- " 
12 
17 

120 
52 
38 
41 
92 
66 
51 
58 
19 
27 
51 
11 
240 
190 
140 
150 
32 
23 
54 
18 
160 
98 
170 
100 
36 
42 

70 
62 
74 
90 
71 
74 
100 
160 
68 
54 
41 
39 
250 
270 
340 
270 
35 
42 
49 
26 
210 
220 
160 
190 
71 
79 

8.3 
8.3 
9.7 
15 
8.3 
9.7 
10 
15 "_ 
"_ 
6.8 

25 
58 
63 

"- 

- " 
4.2 
6.1 
6.7 

31 
34 
34 

9.0 
13 

"- 

"_ 

~ ~ ~~~ 

*Optimum  Design. 
See Table 25 f o r  applicable  footnotes. 

Weight  Criteria 

Total Over-all 

lbs lbs /kw 
Wt.,  sp.  Wt., 

200 3 00 
120  190 
120  180 
150  220 
170  260 
150  230 
160  24 0 
23 0 350 
87 130 
81  120 
99  300 
50  150 
520  130 
520  130 
54 0 140 
420 110 
71  270 
71  270 
110  420 
44 170 
4 00 150 
350  130 
360  140 
290  110 
120  180 
130  200 



TABLE 27. WEIGHT ANALYSIS FOR SELECTED EM PUMP DESICXS 
111 Turboelectric  Radiator  Coolant  Pump:  Lithium 

Pump  Characteristics 

Design  Pump  Power Power Reactive 
No. a Typeb  Output, Input , E f f  . , Power, 

kwc kwd 7a kvar 

1* HI 0.27  2.3  12  3 .O 
2   2 . 7   9 . 9   3 . 8  
3  2 .8  9 .5  4 .0 
4  4 .2  6 .4  7 .0 
5 DC 2.3  12 - " 

I 6 H I  0.13  1.3 10 2.8 
A 7 DC 0.13  1.5 8.8 
I 8 A I  1.6  8.3  19  12 

9  9 .5  17  16 
10 11 15  24 
11 11 15  13 
12 DC 9.3  17 "_ 
13 H I  0.13  1.8  7.3  4.3 
14 DC 0.13  1.3 10 
15 H I  0.80 4.4  18  14 
16 HI 5.5  15  8.5 
17  DC 5.9 14 
18  H I  0.26  2.8  9.3  4.0 
19 H I  0.28  2.8 10 4 . 1  

+ 
a 

-" 

"- 

"- 

*Optimum  Design. 
See  Table 25 for  applicable  footnotes. 

Weights  and  Penalties Weight  Criteria 

Power  and 
Pump  Cooling PF 

lb s lbs e lbs  e 

Total  Over-all 

lb s lbdkw 
Wt ., Penalty,  Penalty, Wt.,  sp.  Wt., 

33 
29 
28 
2 6  
13 
18  

7 
98 
58 
56 
7 8  
70 
2 1  

8 
59  
47 
34 
27 
29 

29 
34 
3 5  
53 
29 
16 
1 9  

100 
1 2 0  
140 
1 4  0 
120 

22 
1 6  
55 
69  
74 
3 5  
35  

2.2 
2.8 
3 . 0  
5 . 2  

2 . 1  

9 . 0  
12  
18 
9.8 

3 . 2  

11 
6.4  

3 .0  
3 . 1  

" 

"- 

"- 
"- 

"- 

64  24 0 
66  24 0 
66 240 
a4 310 
42 16'0 
36   280  
26  200 

210  130 
190 120 
210 130 
230  140 
190 120 

46 3 50 
24  180 

130  160 
120   150  
110 140 

65  250 
67  24 0 



I 

TABLE 28. WEIGHT ANALYSIS FOR SELECTED EM P W  DES1C;NS 
I V  Thermionic  Primary  Coolant  Pump:  Lithium 

Pump Characteristics Weights and Penalties 
L 

Power and 
Design Pump Power Power Reactive Pump Cooling PF 
No. a Typeb Output,  Input, E f f  . , Power, Wt . , Penalty,  Penalty, 

kwC kwd % kvar lbs  lbs e lbs  e - 
1 
2 
3 
4* 
5 

A 6 
I 7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
1 9  
20 
2 1  
22 

I 
w 

UI 

FI  
I 

i 

\L 
A I  

I 
SPI 
DC 
A I  
DC 
A I  
A I  
FI  
DC 
A I  
A I  
DC 
A I  
FI 
DC 
F I  
FI  

I 

v 

1.7 
i 
i 
I 
! 
I 

1 .5  
v 

1.5 
8.4 

I 

i + 
0.84 

I 

14 
V 

1 
1 .6  
1.7 

16 
1 6  
1 9  
12 
16 
25 
1 9  
13 
11 
12 
67 
95 
69 
66  
8 .2  
13 
8 . 2  
72 
63 
7 0  
16 
17 

11 
10 
8 .8  
14 
10 
6 .8  
8 .7  
13 
13 
12 
13 
8.8 
12 
13 
10 
6 .6  
10 
19 
22 
20 
9.8 
9.8 

24 
24 
38 
24 
4 1  
9 1  
20 "_ 
25 

230 
450 
130 

"_ 

"- 
17 
49 "_ 
110 
14 0 "_ 
22 
24 

270 
210 
220 
160 
130 
150 
23 0 
110 
140 
100 
570 
800 
83 0 
460 
120 
120 

75 
250 
460 
3 00 
200 
210 

190 
190 
230 
150 
190 
3 00 
23 0 
160 
130 
140 
810 

1100 
84 0 
790 

99 
160 

98 
870 
760 
84 0 
190 
210 

12 
12 
19 
12 
2 1  
46 
10 
-" 
13 
-" 
120 
230 

65 

8.5 
25 

"- 

-" 
55 
70 
"- 
11 
12 

II 

*Optimum  Design. 

Weight  Criteria 

Total Over-all 

lbs lbs/kw 
Wt.,  sp.  Wt., 

470 280 
410 ' 240 
470 280 
320  190 
340 200 
500 290 
470 280 
270 160 
283 190 
240 160 

1400 170 
2100  250 
1700  210 
1300  150 

23 0 270 
3 00 360  
170 210 

1200  84 
1300  92 
1100 82 
400 250 
430  250 

See Table 25 fo r  applicable footnotes .  



TABLE 29. WEIGHT ANALYSIS FOR SELECTED EM PUMP DES1C;NS 
V Thermionic Radiator Coolant  Pump: NaK 

I 
Pump Characteristics 

Design  Pump Power  2ower Reactive 
No. a Typeb Output,  Input , Eff., Power , 

kwC  kwd % kvar 

1 
2 
3*  
4 
5 
6 

A 7  
a 8  
4 

9 
10 
11 
12 
13 
14 
15  
16 
17 
18 
19  
20 
2 1  
22 
23 
24 
25 
26 

AI 

HI 

I 
\1 
DC 
Dc 
HI 
DC 
AI 
I 

4 
DC 
AI 
AI 
HI 
DC 
AI 
AI 
HI 
DC 
AI 
AI 

0.66 
0.66 

0.33 
0.33 
3 . 9  

i s 
0 . 2 6  

JI 
2.6 

0.66 
w 

0.66 

5.8 
5.2 
6.2 
7.5 
5.9 
6 . 2  
8 .3  
13 
5.4 
4.3 
3.4 
3 . 1  
2 1  
23 
28 
22 
2.9 
3.5 
4 .0  
2 . 1  
18  
19  
14 
15 
5.9 
6.5 

11 
13 
11 
8.8 
11 
11 
8.0 
5 . 1  
12 
15 
9.7 
11 
19 
17  
14  
18  
9.0 
7 . 4  
6.5 
12 
14 
14 
1 9  
17  
11 
10 

11 
11 
13 
2 0  
11 
13 
14 
20 
"- 
"_ 
9 . 1  

34 
77 
84 
"- 
5.6 
8 . 1  
9 .0  "_ 
4 1  
45  
45  
"- 
12  
17  

I. 
*Optimum Design. 
See  Table 25 f o r  applicable footnotes. 

Weights and Penalties 

Power and 
Cooling PF 

Wt . , Penalty, Penalty, 
lbs lbs e lbs e 

120 
52 
38  
4 1  
92 
66 
5 1  
58 
19  
27 
5 1  
11 

240 
190 
140 
150 

32  
23 
54 
18 

160 
98 

170 
100 

36 
42  

7 0  
63 
75 
9 1  
7 1  
75  

100 
160 

65 
52 
4 1  
3 7  

250 
270 
340 
260 

35  
42 
4 8  
25 

220 
23 0 
170 
180 

7 1  
79 

5 . 5  
5.5 
6.5 
10 
5.5 
6.5 
7 .0  
10  "- 

4 . 6  "_ 
17 
39  
42  "_ 
2 .8 
4 . 1  
4 . 5  "- 
2 1  
23 
23 

6 . 0  
8.5 

Weight Criteria 

Total Over-all 

lbs lbs/kw 
Wt., sp. Wt., 

200 
120 
120 
140 
170 
150 
160 
230 
84 
79 
97  
48  . 

510 
500 
520 
4 1 0  

7 0  
69 

110 
43 

400 
3  50 
3 6 0  
280 
110 
130 

3 00 
180 
180 
210 
260 
220 
24 0 
3 5 0  
130 
120 
290 
150 
130 
130 
130 
110 
270 
270 
410 
160 
150 
130 
140 
110 
170 
2 00 



TABLE 30. WEIGHT  ANALYSIS FOR SELECTED EM PUMP DESIaS 
V I  Thermionic  Radiator  Coolant Pump: Lithium 

Pump C h a r a c t e r i s t i c s  

Design Pump Power  Power React l v e  
No. a Typeb  Output , Input  , E f f  . , Power , 

kwC  kwd % kvar  

I* H I  0.27  2.4 11 3 .O 
2 2.8  9 .5   3 .8  
3 2 .9   9 .2   4 .0  
4 4 .3   6 .2   7 .0  
5 2 .3   12 -" 

r 6  I H I  0.13  1.4  9.5  2.8 

$ 7  DC 0.13  1.5 8.8 

IC I 
1 ;; 11 

I 

- " 
8 A I  8.6  19  12 
9 9.8  16  16 

10 11 15 24 
11 15  13 
12 DC 9.3  17 -" 
13 H I  0.13 1.8 7.3  4.3 
14 DC 0.13  1 .3  10 -" 
1 5  H I  0.80  4.6  17 14 
16 H I  5.7 14 8 .5  
17 DC 5.9  14 "_ 
18 H I  0.26  2.9  9.0  4.0 
19 H I  0.28  2.9  9.7  4.1 

1 
*Optimum Design. 
See   Tab le   25   fo r   app l i cab le   foo tno te s .  

Weights   and  Penal t ies  

Power  and 
Pump Cooling PF 

l b s  l b s  e l b s  e 
W t  . , Penal ty ,   Pena l ty ,  

33  28 1 . 5  
29 34  1.4 
28  35  2.0 
26 52 3 .5  
13  28 
18 17 1.4 
7 18 "- 

98 100 6.0 
58  120  8.0 
56 130  12 
78  130  6.5 
70 110 
21 22 2.2 

8 16 
59  56 7.0 
47  69  4.3 
34 71 "- 
27 35  2.0 
29  35  2.1 

- " 

- " 
"- 

Weight Criteria 

To ta l   Over -a l l  

l b s  lbs/kw 
W t . ,  s p .  W t . ,  

63  230 
64 24 0 
65 24 0 
82 3 00 
41  150 
36  280 
25  190 

200 130 
190  120 
200  120 
210  130 
180 110 
45  350 
24 180 

120  150 
120 150 
110 130 

64 250 
66 24 0 



TABLE 31. EM PUMPS FOR SIX SPACE  POWER APPLICATIONS 

C h a r a c t e r i s t i c   A p p l i c a t i o n  

Turboe lec t r i c   The rmion ic  

Condensate Radia tor   Coolant  Primary Rad ia to r   Coo lan t  
Boost N aK Lithium Coolant N aK Lithium 

Pump Design  NO.^ 
Typeb 
F l u i d  
F l u i d  Temp. , OF 
Flow, gpm 
Dev. P r e s s . ,   p s i  
Power  Output , kwC 
Power I n p u t ,  kw 

Voltage 
Freq.  , cps 
PF, % 

E f f . ,  % 
W t . ,  l b s .  
Sp. W t  ., lbs/kwe 

Power  Supply 
Input  Power,  kw 

Voltage 
Freq . ,   cps  
E f f . ,  % 

d 

Power P l a n t  W t .  P e n a l t y ,   l b s .  
PF W t .  P e n a l t y ,   l b s .  
T o t a l  W t  ., lbs/pump 
Pumps p e r  Power P l a n t  
T o t a l  Pump Sys.  W t  ., I b s .  
Over-All  Sp. W t . ,  lbs/kw 
Over-All   Eff . ,  % 

1-3 
H I  
K 
1200 
16 
30  
0.20 
2 .0  
100 
200 
43 
10 
26 
130 
e- Freq.  
2 .3  
5 00 
2000 
90 
29 
3 . 1  
58 
4 
23 0 
290 
8 . 9  

11-3 
AI 
NaK-78 
1200 
60 
25 
0.66 
5 .4  
100 
200 
39 
12 
38 
58 

Changer - 
5 .9  
500 
2000 
90 
74 
9.7 
120 
16 
1900 
180 
11 

111-1 
H I  
L i  
1200 
31 
20 
0.27 
2 .1  
100 
100 
55 
13 
33 
120 

2.3 
5 00 
2000 
90 
29 
2.2 
64 
16 
1000 
240 
12 

+ 

I V-4 
A I  
L i  
1700 
64 0 
6 
1 .7  
1 0  
100 
50 
3 9  
16 
160 
94 

I n v e r t .  + 
1 2  
100 
DC 
87 
150 
12 
320 
1 
320 
190 
14 

v- 3 V I - 1  
A I  H i  
NaK-78 L i  
1200 1200 
6 0  31 
25 20 
0.66 0.27 
5.4 2.1 
100 100 
200 100 
39 55 
12 13 
38 33 
58 120 

T r a n s f .  + Freq.  Changer 
6 . 2  2.4 
100 100 
DC DC 
87 87 
75 29 
6 . 5  1 . 5  
120 63 
16 16 
1900 1000 
180 230 
11 11 

~ 

a 

b H I  = h e l i c a l   i n d u c t i o n ;  A I  = a n n u l a r   i n d u c t i o n .  

dVoltage  below  300  volts i s  not  c r i t i c a l  t o  pump des ign .  e 

See   Tab le s   15 ,   17 ,   19 ,   and   21   fo r   add i t iona l   des ign   i n fo rma t ion .  

Hydrau l i c  power ou tpu t  = flow gpm x deve loped   p re s su re   p s i  x 4.35 x 

Pump weight 1 power o u t p u t .  

~~~ 

C 



3. Pumping s y s t e m s  u s i n g   l i t h i u m  are s i g n i f i c a n t l y   l i g h t e r  
t h a n   t h o s e   u s i n g  NaK. 

4. Minimum pump sys tem  weight  is n o t   n e c e s s a r i l y   a s s o c i a t e d  
w i t h   t h e  minimum pump we igh t .  

I n t e r p o l a t i o n   o f   t h e s e   t a b l e s  i s  p o s s i b l e   w i t h o u t   s i g n i f i c a n t  loss of accuracy  
p r o v i d e d   e x t r e m e s   i n   f l o w ,   p r e s s u r e ,   a n d   t e m p e r a t u r e  are avo ided .  

S i n c e   s y s t e m   w e i g h t   p e n a l t i e s  are t y p i c a l l y   c o m p a r a b l e   t o  pump w e i g h t ,  
and s i n c e   s y s t e m   w e i g h t   p e n a l t i e s   a r e   d o m i n a t e d  by e f f i c i e n c y ,   i m p r o v e m e n t s  
i n  pump e f f i c i e n c y   s h o u l d   r e c e i v e   a s  much emphas is  as improvement i n  pump 
we igh t .  The pump d e s i g n s   f o r   w h i c h   p e r f o r m a n c e   d a t a  is r e p o r t e d   h e r e  are 
b a s e d   o n   c o n s e r v a t i v e   v a l u e s   f o r   t h e  c r i t i ca l  q u a n t i t i e s ,   s u c h  as f l u x   d e n s i t y ,  
c u r r e n t   d e n s i t y ,   t h e r m a l   a n d   e l e c t r i c a l   i n s u l a t i o n   a l l o w a n c e s ,  etc. I t  is 
a n t i c i p a t e d   t h a t   d e t a i l e d   d e s i g n s  w i l l  show per formance  a t  least a s  good as 
t h a t   i n d i c a t e d   i n   t h i s   r e p o r t .  

Some improvement i n   s y s t e m   w e i g h t  may be a c h i e v e d   i f   t h e  pumps can  be 
d e s i g n e d   t o  reject  w i n d i n g   l o s s e s   t o   t h e  pump f l u i d .   O b v i o u s l y ,   t h i s   r e q u i r e s  
a  wind.ing  temperature  of 200 t o  300 OF a b o v e   t h e   f l u i d   t e m p e r a t u r e ,   w h i c h  is 
1200 OF f o r   a l l   a p p l i c a t i o n s   o t h e r   t h a n   t h e   p r i m a r y   c o o l a n t .   I n   a d d i t i o n  
t o   e l i m i n a t i o n  of t h e   w e i g h t   p e n a l t y   a s s o c i a t e d   w i t h   t h e   c o o l i n g   s y s t e m ,   t h i s  
wou ld   pe rmi t   e l imina t ion  of t h e   t h e r m a l   i n s u l a t i o n ,   h e n c e  some per formance  
improvement  due t o   t h e   c o n s e q u e n t   r e d u c t i o n   i n   t h e   l e n g t h  of the   nonmagnet ic  
gap. Some a d d i t i o n a l   l o s s   d u e   t o   t h e   i n c r e a s e d   r e s i s t i v i t y  of t h e   c o n d u c t o r  
m a t e r i a l  w i l l  be a s s o c i a t e d   w i t h   s u c h  an ar rangement .   Thus ,   the   major   ga in  
w i l l  be i n   t h e   r e d u c t i o n   i n   w e i g h t   p e n a l t i e s   f o r   c o o l i n g   a n d   i m p r o , v e m e n t   i n  
r e l i a b i l i t y   r a t h e r   t h a n   r e d u c e d  pump w e i g h t   o r   h i g h e r   e f f i c i e n c y .  

I n   c o n c l u s i o n ,   t h e   r e s u l t s  of t h i s   s t u d y  show t h a t   e l e c t r o m a g n e t i c  pumps 
a r e  a  good c h o i c e   f o r   a p p l i c a t i o n s   i n   t h e   a l k a l i  metal sys t ems  of l a r g e  
space   power   p l an t s .  A s  i n d i c a t e d   i n   S e c t i o n  V.C, s u b s t a n t i a l   w e i g h t  
improvement  can be ach ieved   ove r  p r e s e n t  p r a c t i c e   w i t h i n   e x i s t i n g   t e c h n o l o g y .  
The g r e a t e s t   a s s e t   o f   t h e  EM pump i s  r e l i a b i l i t y   t h r o u g h   s i m p l i c i t y .   W i t h i n  
p r e s e n t   t e c h n o l o g y ,   t h e   p o l y p h a s e   i n d u c t i o n  pump w i l l  b e s t   i n s u r e   h i g h  
r e l i a b i l i t y .  O t h e r   f e a t u r e s   e s p e c i a l l y   v a l u a b l e   t o   s p a c e   p o w e r   s y s t e m s  are 
good c o n t r o l l a b i l i t y  a n d   t h e   e l i m i n a t i o n  of s t a r t u p   p r o b l e m s   m e n t i o n e d   i n  
S e c t i o n  IV. A l s o   i n t e r e s t i n g  i s  t h e   p o s s i b i l i t y   t h a t   i n d u c t i o n  pumps can  
c i r c u m v e n t   t h e   c a v i t a t i o n   p r o b l e m s   d i s c u s s e d   i n   S e c t i o n  1II.B. F i g u r e  88 
d e p i c t s   p o s s i b l e   f l i g h t   c o n f i g u r a t i o n s   f o r   t h e   h e l i c a l  and t h e   a n n u l a r  
i n d u c t i o n  pumps. 
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Figure 47. Molten  Alkali  Metal  Viscosity Vs. Temperature 
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Figure 51. Tensile  Yield of Selected Duct Materials, 0.2% Offset, 
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(1) T-111: Stress-Rel;  Rupture; Test at 24OOOF  Only (Ref. 60) 
(2) Mo-0.5 Ti: Stress-Rel.; Rupture;  20000F Max. Test (Ref. 59 ) 
(3) Mo-0.5 Ti: Stress-Rel;  1%  Creep; 2OOeF Max. Test (Ref. 59) 
(4) Cb-1Zr: Annealed;  Rupture; Test at 18O@F  and 2000°F Only (Ref. 64) 
(5) L-605: Stress-Rel;  Rupture; 180eF Max. Test (Ref. 56) 
(6) L-605: Stress-Rel; 1% Creep;  180OoF Max. Test (Ref. 56) 
(7) Type  316 SS: Stress-Rel;  Rupture;  150OoF Max. Test (Ref. 65 ) 
(8) Type 316 SS: Stress-Rel; 1% Creep; 1500°F  Max. Test (Ref. 65 1 
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Figure 53. Creep and Rupture  Strengths of Duct  Materials. 
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Figure 55. Sa'turation  Induction  Isotherms  Iron-Cobalt Alloys (Ref. 6 7 ) .  
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Co-Fe  and  Si-Fe  Alloys: 
Total  Core Loss At Various 
Inductions Vs. Temperature: 
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0 "36: 1.25% Si, 0.0185 in.  (Ref. 73) 
"50: 0.25% Si, 0.025 in.  (Ref. 73) 
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Figure 58. Total  Core Loss of Some  Magnetic  Materials. 
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Figure 59. Resistivity  of Conductor Materials. 

-210- 



300( 

j 200c 
2 
0 
co 
c, 
+I 
I 

c k 

\ 
I + 
m .. 
h 
c, 

Type 316 SS ( R e f .  61) 
Others ( R e f .  88) 

S i l v e r  

Copper 

) -  

a 

u 
rl 1000 '- 

c Molybdenum 

-.. ___ -_ Beryllium 

I- Cb-1Zr - Type 316 SS 

O '0 
I I 

5 00 
1 ~~~ ~ 

1000 1500 zc 
Temperature, T, F 0 

Figure  60. Thermal Conductivity of Conductor Materials .  

-211- 



N 
I 

w 
N 
I 

1. Mo (Ref .   59 )   5 .  A l ,  S A P :  S i n t e r e d  A1 Powder  (Ref.  92) 
2 .  B e 0  Dispersion  Hardened  Cu, UTS (Ref .   90 )  G. CU-0. 1 Ag (Ref. 9 3 )  
3 .  Amzirk: Cu-O.lSZr, 84% CW, 842' Faged  (Ref.  89) 7. 99+% A1 , 1/2 Hard (Ref.  94 1 
4 .  B e ,  8 - in .  Wire (Ref .   91)  

0 

I I I 1 I I I 

-1 

2 4 G 8 10  12 14 16 

Temperature , T ,  OF 

F igure  61. Y i e l d   S t r e n g t h ,  0.2% O f f s e t ,  of   Typical   Conductor   Mater ia ls .  
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Figure 65. Cycloconverter Type Frequency Converter (Controlled Rectifier 
Triggering Circuits Not Shown). 
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Figure 69. JX! t o  AC Power Conversion  System  (Controlled Rectifier Triggering 
C i r c u i t s  Not Shown). 
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